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Using Chemistry for VCE Units 3 & 4

» This Student Book combines complete coverage of the VCAA
Key featu res Chemistry Study Design 2023—-2027 with clear and engaging design.
of the » Each print Student Book comes with complete access to all the digital

Student Book resources available on Student obook pro.

Chemistry toolkit

The Student Book begins with
a stand-alone reference chapter
that includes:

assessment advice and
structured examples

a step-by-step guide to
preparing for your exam
methods for presenting and
analysing chemical data.

.

.

Unit openers

Each unit begins with
a unit opener that
includes:

Groundwork

Questions for students

to test their prior
knowledge before they
begin the chapter. Digital
worksheets are available
to help refresh their
understanding.

* an overview of
Topics in the Unit

¢ Unit objectives
from the syllabus.

S AND INNOVATION
4 HELP TO OPTIMISE

4 CHEMICAL

PROCESSES?

Chapter openers

CHAPTER

Each chapter begins
with a chapter opener
that includes key
knowledge from the
study design.

. ,
i :
x

L 3

Practicals

A list of practicals
within the chapter
that allow students to
apply their knowledge
to real-life activities.
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Topic-based approach
Content is presented

in clearly structured

topics. Each topic is m The rate and extent of reactions

LY AN cti o 404 T

labelled and numbered
to help navigation.

Key ideas

Concept statements ==
outlining the core
content that students
should take away from e : -
the topic. . R

Irreversible and reversible reactions ‘ :

RS- el

Rate and extent of a reaction

Margin glossary i d
Definitions to all ,.j e -
key terms. .

Worked examples e |t :
Step-by-step ; s : =~ i
walkthroughs of s '
the thinking behind 0 -
answering questions. P e ' ' g o

R
eTR—

Challenges

More difficult
questions to extend
understanding.

[ Study tip
W™ Practical advice
to help students
improve their
performance in
assessment tasks.

Digital only features
Dashed boxes for

digital only features,

accessible via the
obook pro.

Skill drills
Students can
practise their key
science skills in
context.

Practical links

Precipitating ions to purify water

m— ‘ e
Real-world chemistry 3 Moaty e epa d v
Chemical concepts
are linked to real-life

examples.

e e ot o g ot e

oy e mt oo

14.38 REAL-WORLD CHEMISTRY
" y pobitarts
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Direct links to practicals.

Check your learning
Activity boxes with
questions and tasks
organised using cognitive
verbs according to
Bloom's taxonomy.
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Practical manual

Each chapter contains a range
of practicals that cover all
eight scientific investigation
methodologies. Practicals are
available in the student book
and via the obook pro.

Chapter reviews

Each chapter review includes:

e a summary of key learning in
each chapter

* key formulas relevant to the
chapter

* a chapter checklist for
students to evaluate their
understanding of the key
knowledge

* revision questions written to
target assessment through
multiple-choice and short-
answer questions.

Queathon §

snw>
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UNIT 3 PRACTICALS

0'o0o o' 0o 0’000

ACr 5 Checkpoints

— - Exam-style revision questions
. . for each Area of Study,
, e oaer SR including multiple-choice and
P short-answer questions.
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Online only chapter
Guidance for Unit 4
Outcome 3 Student-designed
investigation available via the
obook pro.

CHAPTER

3 [rovin

Unit 3 overview

Digital hotspots

Student-designed
investigation

KEY KNOWLEDGE

Unit reviews

At the end of each unit,

students can:

e S BT * revisit and revise the content
TR with questions mapped to
each key knowledge dot
point

 gain tips to succeed in exams
and apply their skills in a
Think like an examiner
activity

Test your understanding

14

* answer practice exam
e questions.

it g

HE

Digital icons or hotspots found throughout the student book link to digital resources accessible via the obook pro.

@5 Video — Watch a video demonstration for the Worked examples and Practicals

@ Assessment — Access a digital quiz for the topic or chapter

_;-‘;r
@ Resource — Access a worksheet or additional resource.
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Key featu res > Student obook pro is a completely digital product delivered via Oxford’s online
Of Student learning platform, Oxford Digital.
Ob o Ok p ro > It offers a complete digital version of the Student Book with interactive note-taking,
= highlighting and bookmarking functionality, allowing students to revisit points of
learning.
> A complete ePDF of the Student Book is also available for download for offline use
and read-aloud functionality.

Focus on eLea rning Complete digital version of the Student Book

»  This digital version of the Student Book is true to the print version, making it easy to
navigate and transition between print and digital.

obooka A Chemistry for VCE Units 1 &2 3.1 Covalent compounds

3.1 Covalent compounds

Student Book
questions

Topic quiz

Interactive quizzes
¢ Each topic in the Student Book is accompanied by an interactive assessment that can be used to consolidate concepts and skills.
e These interactive quizzes are autocorrecting, with students receiving instant feedback on achievement and progress. Students can
also access all their online assessment results to track their own progress and reflect on their learning.
e Each chapter is supported by a multiple choice quiz to give students further practice with exam-style questions.

integrated Australian Concise Oxford Dictionary look up feature
targeted instructional videos for practicals and worked examples Benefits for
interactive assessments to consolidate understanding stu d ents

integrated Quizlet sets, including real-time online quizzes with live leaderboards

vV V. V V V

access to their online assessment results to track their own progress.
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Teacher obook pro is a completely digital product delivered via Oxford Digital.
Each chapter and topic of the Student Book is accompanied by full teaching support.
Teacher notes are provided that clearly direct learning pathways throughout each
chapter, including ideas for differentiation and practical activities.

> 'Teachers can use their Teacher obook pro to share notes and easily assign resources
or assessments to students, including due dates and email notifications.

Focus on assessment and reporting  Complete teaching support

e Teaching support includes full lesson and assessment planning,
ensuring there is more time to focus on students.

oxforddigital -

Chemistry for VCE Units 1 &2

HOME RESOURCES  ASSIGNED WORK

FILTER BY:

CLASS, GROUPS &
STUDENTS
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0w jo sadeys

todrucu pue sepd
USUTE DA AU
adosd s bud

PR TN )

Publishin... = Covalent substances

All groups =

5
-1
S

Stugent . = [N

Studentlz 57 75 40u

Allstudents =

Studeni0d 3 O 40w | B0%
Stugentdd B 00w 100w 33% 100w
Studentos 9 675 100w 100w
Slugentls 3 4 00w 100w -
Stutento? o 10 0 - 00w -
Sluden0d 2 - 6Mw

Student0s 0 . - 00w -

Stugent1d EE sox oo [N 100+ 100 100s 100%

Additional resources
¢ Each chapter of the Student Book is accompanied by additional teaching and learning resources to help students progress.

> In addition to online assessment, teachers have access to editable practice exams that are
provided in topic 1.14 of the Chemistry toolkit. These exams are formatted like the VCAA BGHEfItS fO r

Chemistry exam. teachers

> 'Teachers are provided with laboratory support through experiment answer guidance,
laboratory technician notes and risk assessments to ensure safe learning experiences.
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CHAPTER

— Develop aims and questions, formulate hypotheses and make predictions

— Plan and conduct investigations

— Comply with safety and ethical guidelines

— Generate, collate and record data

— Analyse and evaluate data and investigation methods

— Construct evidence-based arguments and draw conclusions

— Analyse, evaluate and communicate scientific ideas
Source: VCE Chemistry Study Design (2023-2027) reproduced by permission © VCAA

FIGURE 1 Chemistry is the study of matter.
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GROUNDWORK

In Chapter 1, you will gain an overview of the VCE Chemistry course and
build on your key science skills. You will also learn about the sustainability
perspectives that are important for VCE Chemistry and gain skills to succeed in

your assessments. . .
This chapter will build on skills you have already started developing in ‘
Chemistry Units 1 and 2. So, before you begin the chapter, test yourself on the .
following questions to make sure you remember the basics.
1A Explain what a hypothesis is. 1C |Identify at least three features
you should include when
L‘;p‘f}:ﬁ:;‘::’”" resource presenting a graph or a table. .
. . . % 1C Groundwork resource ‘
1B Define qualitative data and Presenting data : \
quantitative data and give an | \
example of each. 1D Contrast a controlled variable, %
an independent variable and
18 Groundwork resource a dependent variable in an
Qualitative and quantitative data

experiment or investigation.

1D Groundwork resource
Variables




chemistry

the study of

matter, including its
structure, properties
and behaviour

Overview of VCE Chemistry

KEY IDEAS
In this topic, you will learn that:

+ studying Chemistry can lead to a diverse range of career pathways
+ VCE Chemistry is divided into units and areas of study
+ the key science skills and their application are important for success in VCE Chemistry.

Chemistry is the study of the properties and behaviour of matter. It is often called the
‘central science’ because key concepts from Chemistry can be linked to other subjects. If you
study VCE Biology or VCE Physics, you will see that some key ideas can be linked to what
you are learning in VCE Chemistry.

Careers in chemistry

Studying Chemistry in VCE can lead to many opportunities

when you finish school. Industries that chemists work in include

(but are not limited to):

e medicine and health care (e.g. pharmacist, doctor,
toxicologist, drug development)

* environment (e.g. environmental chemist, geochemist, water
quality scientist)

* manufacturing (e.g. food and drink manufacturing,
chemical engineering, materials development)

FIGURE 1 Nutritionists use chemistry in their occupation. * science communication (e.g. science writer, teacher, science

lecturer, science presenter).
Studying Chemistry in VCE also gives you a wide variety of transferrable skills, which are
skills that you can use across many different disciplines. These skills include:
e problem-solving
e teamwork
e critical thinking
* communication

e research.

Structure of the VCE Chemistry course

Chemistry is one of the five science courses offered in VCE. When you study VCE
Chemistry, you have an opportunity to engage in a range of inquiry tasks and develop
key science skills. You will develop an understanding of the elements, the composition
and behaviour of matter and the processes involved when matter reacts to produce useful
materials in sustainable ways.

VCE Chemistry consists of four units (see Figure 2). Each unit is divided into Areas of
Study. The Areas of Study that you will explore in Units 3 and 4 are outlined in Table 1.
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How can the diversity of

e materials be explained?

How do chemical reactions

Unit 2 shape the natural world?

VCE Chemistry

How can design and
Unit 3 innovation help to optimise
chemical processes?

How are carbon-based
Unit 4 compounds designed
for purpose?

FIGURE 2 The structure of the VCE Chemistry course

Source: Adapted from VCE Chemistry Study Design (2023—2027) reproduced by permission © VCAA

TABLE 1 Areas of Study for Units 3 and 4 Chemistry

Unit 3 How can design and innovation help to optimise chemical processes?

1. What are the current and
future options for supplying
energy?

2. How can the rate and yield
of chemical reactions be

optimised?

In this Area of Study, you will learn about:

» fossil fuels and biofuels as energy sources for society

» carbohydrates, proteins and lipids, and fuel sources for the body

» the quantification of energy and gases produced in combustion reactions

» sustainable production of energy from chemicals to meet the needs of society while
minimising negative impacts on the environment.

In this Area of Study, you will learn about:

» factors that affect the rate and yield of equilibrium

» electrolytic reactions involved in producing important materials for society

» the qualitative analysis of reactants and products in chemical reactions through the
application of Le Chatelier’s principle

* the quantification of reactants and products using equilibrium expressions, reaction
quotients and Faraday’s Laws

» sustainability of different options for producing useful materials for society.

Unit 4 How are carbon-based compounds designed for purpose?

1. How are organic
compounds categorised and
synthesised?

2. How are organic
compounds analysed and
used?

3. How is scientific inquiry
used to investigate the
sustainable production of
energy and/or materials?

OXFORD UNIVERSITY PRESS

In this Area of Study, you will learn about:

» the structure, naming, properties and reactions of organic compounds

* chemical reactions associated with the metabolism of food

» sustainable production of synthetic organic compounds for use in society.

In this Area of Study, you will learn about:

» laboratory and instrumental analyses of organic compounds

» function of some organic compounds as medicines.

In this Area of Study, you will conduct an investigation that you have designed or adapted
yourself. The investigation will relate to the production of energy and/or chemicals and/or the
analysis or synthesis of organic compounds.

To do this, you will write your own research question, and then conduct an experiment that
generates primary data for you to answer your question.

You will maintain a logbook for record, assessment and authentication purposes.

Source: Adapted from VCE Chemistry Study Design (2023—2027) reproduced by permission © VCAA
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How you will be assessed

In Units 3 and 4, you can be assessed in several different ways for the Areas of Study. These

are outlined in Table 2. The assessment in VCE Chemistry is designed to test you against an

Outcome for each Area of Study. The Outcome outlines what you should be able to do by the
end of the Area of Study if you have completed it successfully.

TABLE 2 Areas of Study 1 and 2 Outcomes and Assessment tasks

Unit 3 Area of
Study 1:

What are the
current and
future options
for supplying
energy?

Unit 3 Area of
Study 2:

How can the
rate and yield
of chemical
reactions be

optimised?

Unit 4 Area of
Study 1:

How are
organic
compounds
categorised and
synthesised?

Unit 4 Area of
Study 2:

How are
organic
compounds
analysed and
used?

The student should be able to
compare fuels quantitatively

with reference to combustion
products and energy outputs, apply
knowledge of the electrochemical
series to design, construct and

test primary cells and fuel cells,
and evaluate the sustainability of
electrochemical cells in producing
energy for society.

The student should be able to
experimentally analyse chemical
systems to predict how the rate and
extent of chemical reactions can be
optimised, explain how electrolysis
is involved in the production

of chemicals, and evaluate the
sustainability of electrolytic
processes in producing useful
materials for society.

The student should be able to
analyse the general structures and
reactions of the major families

of compounds, design reaction
pathways for organic synthesis, and
evaluate the sustainability of the

manufacture of organic compounds

used in society.

The student should be able to apply

qualitative and quantitative tests
to analyse organic compounds and
their structural characteristics,
deduce structures of organic
compounds using instrumental
analysis data, explain how

some medicines function, and
experimentally analyse how some
natural medicines can be extracted
and purified.

For each Outcome in Areas of Study 1 and 2,
you could be asked to complete one of the
following tasks:

* acomparison and evaluation of chemical
concepts, methodologies and methods,
and findings from at least two student
practical activities

* an analysis and evaluation of primary and/
or secondary data, including identified
assumptions or data limitations, and
conclusions

* problem-solving, including calculations
using chemical concepts and skills applied
to real-world contexts

* an analysis and evaluation of a chemical
innovation, research study, case
study, socio-scientific issue, or media
communication

At least one of the four tasks should include

reference to sustainability.

Source: Adapted from VCE Chemistry Study Design (2023-2027) reproduced by permission © VCAA
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The Area of Study 3 Outcome and Assessment task is slightly different.

TABLE 3 Area of Study 3 Outcome and Assessment task

Unit 4 Area of Study 3:

How is scientific
inquiry used to
investigate the

sustainable production

of energy and/or
materials?

The student should be able to design
and conduct a scientific investigation

a report of a student-designed
and student-conducted scientific
related to the production of energy investigation using a structured
and/or chemicals and/or the analysis scientific poster and logbook entries
or synthesis of organic compounds,

and present an aim, methodology

and method, results, discussion and

conclusion in a scientific poster.

Source: Adapted from VCE Chemistry Study Design (2023—2027) reproduced by permission © VCAA

You can use Chapter 13 Student-designed investigation to guide you through Unit 4 Area of

Study 3.

Key science skills

The key science skills are applicable to all Areas of Study in Units 1-4 of the VCE Chemistry
course. They are especially important for planning and conducting investigations for your

assessment tasks.

Study tip

Make sure to use the
Skill drills throughout

In addition to key knowledge (which we will cover in Chapters 2—12), VCE Chemistry your Student Book
. . . . oo g to practise your key
requires you to develop and apply a range of key science skills. These skills are specified in science skills.

the VCAA VCE Chemistry Study Design and are listed in Table 4.

TABLE 4 Key science skills

Key science skill VCE Chemistry Units 1-4

Develop aims and

questions, formulate
hypotheses and make

predictions

(see Topic 1.3)
Plan and conduct
investigations
(see Topic 1.4)

Comply with
safety and ethical
guidelines

(see Topics 1.5
and 1.6)

OXFORD UNIVERSITY PRESS

identify, research and construct aims and questions for investigation
identify independent, dependent and controlled variables in controlled experiments
formulate hypotheses to focus investigations

predict possible outcomes of investigations

determine appropriate investigation methodology: case study; classification and identification;
controlled experiment; fieldwork; literature review; modelling; product, process or system
development; simulation

design and conduct investigations; select and use methods appropriate to the selected investigation
methodology, including consideration of sampling technique and size, equipment and procedures,
taking into account potential sources of error and causes of uncertainty; determine the type and
amount of qualitative and/or quantitative data to be generated or collated

work independently and collaboratively as appropriate and within identified research constraints,
adapting or extending processes as required and recording such modifications in a logbook
demonstrate safe laboratory practices when planning and conducting investigations by using risk
assessments that are informed by safety data sheets (SDS), and accounting for risks

apply relevant occupational health and safety guidelines while undertaking practical investigations

demonstrate ethical conduct when undertaking and reporting investigations

(continued)
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TABLE 4 continued

Key science skill VCE Chemistry Units 1-4

Generate, collate and
record data

(see Topic 1.7)

Analyse and
evaluate data
and investigation
methods

(see Topic 1.8)

Construct evidence-
based arguments and
draw conclusions

(see Topic 1.9)

Analyse, evaluate
and communicate
scientific ideas

(see Topics 1.10 and
1.11)

systematically generate and record primary data, and collate secondary data, appropriate to the
investigation, including use of databases and reputable online data sources

record and summarise both qualitative and quantitative data, including use of a logbook as an
authentication of generated or collated data

organise and present data in useful and meaningful ways, including schematic diagrams, flow charts,
tables, bar charts, line graphs and calibration curves

process quantitative data using appropriate mathematical relationships and units, including
calculations of ratios, percentages, percentage change and mean

use appropriate numbers of significant figures in calculations

plot graphs involving two variables that show linear and non-linear relationships

identify and analyse experimental data qualitatively, handling, where appropriate, concepts of
accuracy, precision, repeatability, reproducibility, resolution, and validity of measurements; and
errors (random and systematic)

identify outliers, and contradictory, provisional or incomplete data

repeat experiments to evaluate the precision of data

evaluate investigation methods and suggest ways to improve precision, and to reduce the likelihood of
errors

distinguish between opinion, anecdote and evidence, and scientific and non-scientific ideas

evaluate data to determine the degree to which the evidence supports the aim of the investigation,
and make recommendations, as appropriate, for modifying or extending the investigation

evaluate data to determine the degree to which the evidence supports or refutes the initial prediction
or hypothesis

use reasoning to construct scientific arguments, and to draw and justify conclusions consistent with
the evidence and relevant to the question under investigation

identify, describe and explain the limitations of conclusions, including identification of further
evidence required

discuss the implications of research findings and proposals

use appropriate chemical terminology, representations and conventions, including standard
abbreviations, graphing conventions, algebraic equations, units of measurement and significant figures
discuss relevant chemical information, ideas, concepts, theories and models and the connections
between them

analyse and explain how models and theories are used to organise and understand observed
phenomena and concepts related to chemistry, identifying limitations of selected models/theories
critically evaluate and interpret a range of scientific and media texts (including journal articles, mass
media communications and opinions in the public domain), processes, claims and conclusions related
to chemistry by considering the quality of available evidence

apply sustainability concepts (green chemistry principles, development goals and the transition from
a linear towards a circular economy) to analyse and evaluate responses to chemistry-based scenarios,
case studies, issues and challenges

identify and explain when judgements or decisions associated with chemistry-related issues

may be based on sociocultural, economic, political, legal and/or ethical factors and not solely on
scientific evidence

use clear, coherent and concise expression to communicate to specific audiences and for specific
purposes in appropriate scientific genres, including scientific reports and posters

acknowledge sources of information and assistance, and use standard scientific referencing
conventions

Source: VCE Chemistry Study Design (2023-2027) reproduced by permission © VCAA
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1.1 CHECK YOUR LEARNING '@‘

Describe and explain ¢ Describe the qualities or interests a person
1 Summarise how your knowledge and skills will who is interested in these occupations

be assessed in VCE Chemistry Units 3 & 4. could have.
2 Reflect on the key science skills listed in Table 4 d Explain what you think is the most

and identify 3-5 skills you need to practise most. interesting part of these occupations.
Apply, analyse and compare e Explain what you think is the most difficult
3 Follow the link in your obook pro to access or repetitive part of these occupations.

the ‘Chemistry bullseye poster’. Research two

. . . Design and discuss
different chemistry-related occupations that €

4 Discuss the results of your research from
Question 3 with another student.

interest you and answer the following questions.

a List some of the types of activities that a
person does in these occupations.

b Identify the types of education or
qualifications that are recommended in order
to work in these occupations.

FIGURE 3 Examples of occupations that require knowledge of chemistry are: a an anaesthetic technician, b a chemical engineer,
¢ a veterinary nurse and d a patents examiner. You might like to investigate what one of these professionals does as part of Question 3.

OXFORD UNIVERSITY PRESS CHAPTER 1 CHEMISTRY TOOLKIT 9



Aboriginal and/
or Torres Strait
Islander Peoples
people with family
heritage from, and
membership in, the
ethnic groups that
lived in Australia
before British
colonisation

FIGURE 1 Aboriginal
Language groups and
Nations within the
borders of Victoria

Aboriginal and Torres Strait Islander
knowledge, cultures and histories

KEY IDEAS

In this topic, you will learn that:

+ Aboriginal and Torres Strait Islander Peoples are Australia’s first chemists and apply their
unique scientific knowledge about the natural world to find (or refine) suitable food sources,
and develop traditional medicines and other useful materials in sustainable ways

+ Aboriginal and Torres Strait Islander Peoples come from many diverse nations, each of which
have their own unique cultures, histories and knowledges.

Aboriginal and Torres Strait Islander cultures are some of the oldest continuous cultures in
the world and have existed on this land for at least 60 000 years. The Traditional Custodians
of Australia are people who are of Aboriginal and/or Torres Strait Islander descent, and who
identify and are accepted as such by their community.

As a collective group, Aboriginal and/or Torres Strait Islander Peoples may also
be referred to as Indigenous Peoples, First Peoples and/or Traditional Custodians/Owners.
Indigenous Peoples may also identify with their particular Community, Nation, Tribe or Clan
that they, their family and/or their community recognise.

We say Aboriginal and Torres Strait Islander Peoples (not ‘people’) because there are
many diverse language groups in Australia (representing more than 250 languages), each
of whom have their own unique cultures, laws, practices and languages. So, when learning
or writing about the cultures and practices of Aboriginal and/or Torres Strait Islander
Communities, Nations, Tribes or Groups in VCE Chemistry, it is important to identify and
acknowledge the right owners of that knowledge.

LEGEND
Aboriginal language group
o O Major town
Ngargag [ ] State capital

Wembawemba Traditional lands of

the Kulin nation

Wergaia

o
Yorta Yorta Wodonga

Baraba
Baraba

‘Waveroo

Nguraiilam
wurrung

Dja Dja wurrung
(Jaara)

Jardwadjali

Daung wurrung

Watha wurrung

Woi wurrung

o
B (Wurundjeri)

.. Dhauwurd
7 wurrung
(Gunditjmara)

200 km
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Aboriginal and Torres Strait Islander knowledges
and cultures in VCE Chemistry

The diverse cultures and knowledge systems of Aboriginal and Torres Strait Islander Peoples
have been acknowledged in the VCE Chemistry course.

In VCE Chemistry, you will learn how scientific thinking can be enhanced by considering
how Aboriginal and Torres Strait Islander Peoples have developed and refined their own
knowledge, including the use of plants as medicine and the use and modification of natural
materials for useful purposes.

For example, Peoples of the Kulin Nation in Victoria can use the sap of the river red
gum (Eucalyptus camaldulensis) to seal burns, or the smoke of older manna gum (Eucalyptus
viminalis) leaves to reduce fever. In Western Australia, the Noongar Peoples use infusions of

crushed bracken fern (Preridium esculentum) to relieve sores, or the juice from the same plant
to relieve insect bites. In New South Wales, the Bidjigal and Gadigal Peoples use the long
leaves of the gymea lily (Doryanthes excelsa) to produce string, and its long stem to craft a
fishing spear.

Study tip

In Unit 1 Area of Study
3, you might research
how Aboriginal and
Torres Strait Islander
Peoples sustainably
modify and process
raw materials. It is
important to be able
to carefully evaluate
your resources to
make sure you're
using appropriate
ones. See your
teacher for more
information on how to
do this.

A i LN 3 /2 - -
FIGURE 2 Aboriginal and Torres Strait Islander Peoples hold specialised knowledge about the plants and animals
on Country, such as how to use a the leaves of the manna gum (Eucalyptus viminalis) in Victoria, b the bracken fern
in Western Australia or ¢ the gymea lily in eastern New South Wales.

This knowledge has been accumulated and refined over thousands of years. It is highly
sophisticated and specialised for the areas in which the people live.

1.2 CHECK YOUR LEARNING == @

Apply, analyse and compare 3 Research one of the following topics.
1 Identify the Traditional Owners of the land your » The use of plants for traditional medicines
school or home is built on. in Victoria

* The chemical processes that occur when

Design and discuss Aboriginal and Torres Strait Islander Peoples

2 Explain why modern medicine would reference detoxify poisonous items (such as cycad seeds)
the chemical knowledge of Aboriginal and before eating them
Torres Strait Islander Peoples to treat ailments » The traditional use of animal fat and/or plant
and infections. pigments to make paint

4 Evaluate the resources you used in Question 3.
Justify your response.

OXFORD UNIVERSITY PRESS CHAPTER 1 CHEMISTRY TOOLKIT 11



Research question

Report and
communicate

Evaluation and
conclusions

Developing aims, questions

and hypotheses

KEY IDEAS
In this topic, you will learn that:

+ aresearch question states the specific problem or issue on which your investigation will
be based

+ an aim is a statement of what is to be investigated

+ a hypothesis is a testable statement that should include a prediction about the outcome of
an investigation, based on scientific reasoning.

The scientific method is a cyclical process involving a number of
steps (see Figure 1):
e developing a research question or aim
Aim e formulating a hypothesis
¢ conducting experiments to collect, analyse and communicate data

(including potential errors and uncertainty)

Experimental design

. . .
and implementation developing conclusions

e communicating scientific ideas and understandings.

Data collection

and analysis

FIGURE 1 The general process of the scientific
method. Adapted from: VCAA (2016) Victorian
Certificate of Education Chemistry Advice for

Developing a research question

In VCE Science, you will need to develop a research question for your
student-designed investigation (Unit 4). When writing a research
question, you should make sure the question is:

Teachers 2016—-2020, page 6, Melbourne, Victorian

Curriculum and Assessment Authority.

scientific method
a series of steps used
to acquire knowledge
in science, which
involves observation,
developing and
testing hypotheses;
collecting, analysing
and communicating
results

aim

a statement that
describes the purpose
of an investigation

12 CHEMISTRY FOR VCE UNITS 3 & 4

¢ clear and specific: your research question must contain
enough detail for your audience to understand what you
are investigating

e concise: your research question must be expressed in as few words as possible

e complex: your research question cannot be answered with a simple ‘yes’ or ‘no’, or
with facts that are easily found; it must require enough scope for you to respond with an
appropriate experiment with collection and analysis of primary and/or secondary data.
An example of a suitable research question for a scientific inquiry in VCE Chemistry is:

Which plant biomass produces an efficient mass per unit volume of essential oil when

extracted by steam distillation?

Writing an aim

An aim is a short statement outlining what is to be investigated. The goal of your experiment
or inquiry must be precisely stated. An example of an aim for a scientific inquiry in VCE
Chemistry is:

To investigate the relationship between plant biomass and the volume of essential oil
produced during extraction by steam distillation.

OXFORD UNIVERSITY PRESS



Independent and dependent variables should also be included where possible, without
detail on the method or procedure used. Remember, an independent variable is what you
change during a controlled experiment. The dependent variable is what you measure (it
may or may not be affected by the independent variable). A controlled variable is one that
is not changed or remains constant during an experiment.

Formulating a hypothesis and making a prediction

A hypothesis is a testable statement that predicts how the independent variable will affect
the dependent variable in an investigation. It should include an explanation for the prediction
based on scientific knowledge or reasoning.

A hypothesis cannot be wrong, only supported or negated by the investigation results.

If ...then ... because ...

A good way to make sure you include everything in your hypothesis is to use a structure such
as ‘If ... then ... because’ or ‘When ... the ... because’ statement.
Suggested phrases for formulating a hypothesis are listed in Figure 2.

action to independent variable

“If the’ independent ‘is increased/decreased by ... . s

. s . o s then the
When the variable is greater/less than ...
‘is larger/smaller ...’

effect on dependent variable
explanation . s ‘increases/decreases’ dependent
. . because .. s .
of relationship. will be greater/less than variable

‘will be larger/smaller’

FIGURE 2 Constructing a hypothesis from a research question

An example of a hypothesis for a scientific inquiry in VCE Chemistry is:

When cloves are used, the volume of oil extracted by steam distillation is greater than
when eucalyptus leaves are used, because its boiling point is further away from that of the
solvent used.

See how to write an aim, research question and hypothesis in Worked example 1.3.

1.3 CHECK YOUR LEARNING @ @

Describe and explain it shrivelled and died. The student
wanted to use this observation as the
basis for a practical investigation.
often shown as a circular process. a

1 Suggest why the steps of the scientific
method, as illustrated in Figure 1, are

Design a research question for this

Apply, analyse and compare practical investigation.

2 Contrast an aim and a hypothesis. b Write an aim for this practical

. . investigation.
Design and discuss

. . . ¢ Formulate a hypothesis for this
3 During studies of acids and bases,

investigation.
a student observed that when she

poured lemon juice onto a plant,

OXFORD UNIVERSITY PRESS

independent
variable

the variable that

is changed or
manipulated during
an investigation

dependent
variable

the variable that

is observed or
measured when the
independent variable
is changed during an
investigation

controlled
variable
avariable that is
not changed oris
constant during an
investigation

hypothesis

a testable statement
that includes a
prediction about

the outcome of

an investigation
based on scientific
reasoning

Study tip

Make sure you
know how to write
a hypothesis. This is
the kind of skill that
is often tested in
assessment tasks
or exams.

_______________

1.3 Worked
=I5 example
- Find me in
. your obook pro

@ 1.3 Worked
example

: Video

‘ demonstration

...............
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methodology

a system of methods
used in a particular
area of study or
activity

Planning and conducting

Investigations

KEY IDEAS
In this topic, you will learn that:

+ a variety of methodologies can be used for a scientific investigation
+ a logbook is required for recording raw data and must be submitted intermittently for
assessment purposes.

In VCE Chemistry, you will complete at least 10 hours of practical work per unit.

Scientific investigations are important to the VCE Chemistry course and can be used
to collect primary data or data from secondary sources. You can complete an investigation
individually, in a small group or with the whole class; however, all the work required for
assessment purposes (e.g. the logbook and the poster) must be your own work.

Scientific investigation methodologies

A variety of methodologies can be used when planning and conducting scientific
investigations. A methodology refers to the approach you take to answer your scientific
question. Not all scientific questions should or need to be answered with a controlled
experiment. There are other ways to find the answers to your scientific questions or collect data.
Some of the methodologies that you will encounter in VCE Chemistry are outlined in Table 1.

TABLE 1 Key scientific investigation methodologies in VCE Chemistry

Investigation o .
g Investigation outline
methodology

Case study

A case study involves the investigation of a specific event, an activity or a problem that contains a real or
hypothetical situation. Case studies can be historical, involving the analysis of causes and consequences,
and/or discussion of knowledge learnt from the situation; a real situation or a role-play of an imagined
situation, where plausible recommendations are to be made; or problem-solving, where developing a new
design, methodology or method is required.

Classification and

Classification refers to the arrangement of phenomena, objects or events into smaller, more manageable

identification groups (e.g. classifying organic compounds into functional groups).
Identification is a process of recognising things as belonging to particular sets or possibly being part of a
new set.
Controlled A controlled experiment investigates the relationship between an independent variable and a dependent
experiment variable. All other variables are controlled so they don’t affect the outcome of the investigation.
Fieldwork Fieldwork involves going to a specific location to investigate a phenomenon or problem that is unique to that

site. When completing fieldwork, you should record site-specific data in your logbook, such as observations
and data collected about the conditions of the environment (e.g. air temperature, pH of the water).

Literature review

A literature review involves researching, gathering and interpreting secondary sources of data (also called
‘literature’ by academics) to answer a research question. This may be used to answer questions that have
already been asked by other scientists, or to develop a background understanding before you start your
own investigation.

Modelling

A model physically, conceptually or mathematically simulates a concept to assist understanding (e.g.
modelling molecule structures, which are too small for us to observe in the classroom).

(continued)
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TABLE 1 continued

Investigation i q
& Investigation outline
methodology

Product, process or

Simulation

Product, process or system development involves designing an object, process or system to meet a need.
system development = This should link scientific knowledge to technological developments.

Simulations involve using an existing model to investigate a scientific phenomenon by manipulating

variables in the simulation. Simulations are useful when variables cannot be manipulated in real life.

Source: Adapted from VCE Chemistry Study Design (2023-2027) reproduced by permission © VCAA

Logbook

You will need a logbook in hard copy or a digital form to keep

primary and secondary data records from all types of scientific

investigations undertaken in Units 1-4. You will need to submit your

logbook to your teacher for some assessment tasks so they can check
that the work you have submitted is your own.

Each entry must include the date and information you add in

chronological order, and an acknowledgement of all secondary

resources, as well as all expert advice and teacher assistance received.

Your logbook could also include the following information as you

complete your investigation:

planning notes for experiments
a description of the activities you have carried out

the results/data from guided activities or investigations (including
outliers and/or risk identification and management)

personal reflections made during or at the conclusion of
demonstrations, activities or investigations

any links to spreadsheet calculations or other digital records and
presentation you might use

any notes and electronic (or other images) taken on excursions, or
any database extracts

notes of any additional work completed outside of class time.

A well-organised logbook that contains all of this information will

make it a lot easier to complete your scientific poster in Unit 4 Area

FIGURE 1 Modelling can help us to investigate

scientific phenomenon if we are unable to observe
the real thing in the lab.

FIGURE 2 Fieldwork allows us to investigate
phenomena at a specific location. For example, this
scientist is collecting a medicinal plant to extract

of Study 3. active organic compounds from.
1.4 CHECK YOUR LEARNING @
Describe and explain Apply, analyse and compare

1 Describe the advantages of keeping a logbook for 3 Compare:

investigations in VCE Chemistry. a a controlled experiment and fieldwork

2 Explain the differences between primary and
secondary data.

b a case study and a literature review

¢ modelling and a simulation.

Design and discuss

4 Design a potential research question for one of

the scientific investigation methodologies.

OXFORD UNIVERSITY PRESS
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Safety in chemistry

KEY IDEAS
In this topic, you will learn that:

+ safety must be your priority when performing scientific investigations
+ arisk assessment is an organised way of identifying hazards and/or risk factors, and to
implement controls for prevention when performing scientific investigations.

Chemists often work with dangerous goods and hazardous substances. You might encounter
some of these dangerous substances when conducting practical work in VCE Chemistry.

Some hazards are clearly labelled for us. (See Figure 1 for examples of chemical hazard
warning symbols.) But other hazards still need to be avoided to keep everyone safe. We can do
this by following basic laboratory safety rules and conducting risk assessments.

Rules for laboratory safety

¢ Always wait for teacher permission before entering the laboratory, collecting materials
and/or equipment and beginning your activities. Teacher and laboratory technician
instructions must also be obeyed for OHS (occupational health and safety) reasons.

¢ Always wear the correct personal protective equipment appropriately. Laboratory
coats should be buttoned up to protect your clothes. Laboratory glasses or goggles should
be worn on the face for eye protection. Laboratory gloves should be worn whenever
possible to protect skin from heat, cold and chemicals. Closed-toe shoes should be worn
for foot protection and long hair should be tied back behind the neckline.

¢ Always behave sensibly. Treat the laboratory as a proper workplace environment. Be
courteous and respectful to your peers, teachers and other staff who may enter.

Never eat or drink in the laboratory.
@ ‘ @ ‘ You don’t know what substances have been
in the laboratory previously, and ingestion of

@0

hazardous materials could be harmful.
* Report all accidents immediately to
the teacher in charge, including spills,

leaks, breakages, and faulty and/or damaged
' equipment, to minimise escalation of

potential hazards.

future use by others). Place waste materials

N . ¢ Turn off all equipment and/or pack it
g away in a careful and safe manner (for

and/or chemicals in appropriate containers
for disposal and leave your workplace area
clean, dry and tidy.

FIGURE 1 The Globally Harmonised System of Classification and Labelling
of Chemicals (GHS) is used in Australia.
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Risk assessments

A risk assessment is an organised way

to identify:

e any risk factors and/or hazards that might
occur during an investigation

e controls or actions to prevent accidents,
injuries or harm to you (or anyone else
who might be in the laboratory).

As part of VCE Chemistry, you may
need to write and submit a risk assessment
to accompany investigations that you have
designed yourself.

FIGURE 2 When conducting experiments, you should wear a lab coat, gloves,
safety glasses and closed-toe shoes, and tie back long hair.

Risk assessments are written for all

workplace environments, including the
risk assessment

a process of
Risk assessments can be written in a variety of formats and some schools may use external  evaluating the

laboratory, to meet model work health and safety acts, legislation and codes of practice.

programs to generate them. An example of a risk assessment for a laboratory-based activity potential risks that
may be involved

. in an activity, e.g.
provided. performing an
experiment

(with annotations) is provided in your obook pro. A blank risk assessment template is also

It is important to consider the information in each section of the risk assessment before
assigning a final risk judgment. For example, to reduce the risk of using a hazardous

substance, it could be: 1.5 Annotated

______________

1
. 1 k 1
« diluted s :
- assessment !
e dispensed from a dropper bottle {  Find meinyour |
|} 1
+ used by a person who is wearing their personal protective equipment appropriately Gl ?kio_of_p_r? o
* used when following standard laboratory rules. ..
It is also important to implement and follow the control measures outlined for all potential @ 1.5 Risk i
hazards, physical and/or chemical, in the risk assessment, to ensure the safety of everyone - f::psl:;ent :
involved in the activity. E Find me in your E
' obook pro 1
1.5 CHECK YOUR LEARNING @i ﬁ
=S
Describe and explain Apply, analyse and compare
1 Explain why it is important to comply with safe 3 Compare the similarities and differences between
work practices when planning and conducting the safety data sheets of one GHS substance
laboratory-based activities. classified as hazardous and another one classified
2 Describe the process of how to make a final risk as non-hazardous.

judgment of a laboratory-based activity process Design and discuss

or procedure, using an example of a practical ) ) ) )
.. . 4 An experiment is to be conducted to investigate
activity or teacher demonstration from

. the factors that affect reaction rates, usin,
Units 3 or 4. ? g

vitamin C tablets, assorted glassware, a Bunsen
burner and water. Design a risk assessment for
this experiment.
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Ethical understanding

KEY IDEAS
In this topic, you will learn that:

+ ethics are applied when performing all types of scientific investigations in VCE Chemistry.

ethics

moral principles that
govern a person’s
behaviour or how an
activity is conducted

knowledge in society.

Study tip

When collecting
or reporting the
results of scientific o
investigations, be

careful to minimise

data errors, be honest o
(do not mislead, or
change or make up
data) and avoid bias
from unexpected data
or results.

scientific knowledge

Ethical understanding is applied across Units 1-4 of VCE Chemistry, especially when
performing scientific investigations, analysing data collected from primary and secondary
sources, and identifying and investigating any issues relating to the application of scientific

In VCE Chemistry, ethics can include:

e thinking about the impact of scientific investigations (including your own) on living and
non-living things and the environment

being honest when recording data and presenting information from your own
investigations, and acknowledging when you are using someone else’s ideas or data

developing an opinion or argument for or against science-related ethical issues based
on your understanding of ethical concepts (considering current and future needs) and

e identifying factors that might influence decision making in science (such as personal

values or economic, political or legal factors).

Ethical issues in chemistry

Modern ethical issues in chemistry include: manufacture and use of ‘designer’
polymers and pharmaceuticals; sustainable consumption of materials and goods;
price and/or safety of drugs made by pharmaceutical companies.

Research one of these issues and answer the following questions.

What known facts are presented?
What ethical concerns do they raise?

AN Lt B W N =

1.6 CHECK YOUR LEARNING

Describe and explain

1 Explain why it is important to understand and
apply ethics in VCE Chemistry.

Apply, analyse and compare

2 Download a copy of the Global Chemists’ Code
of Ethics, from your obook pro. Compare this
document with the key knowledge outcomes

18 CHEMISTRY FOR VCE UNITS 3 & 4

What additional facts might be relevant to the case?

Which of the known facts are relevant to resolving the ethical concerns?

FIGURE 1 Products developed
by pharmaceutical companies
can be expensive. Is this ethical?

How might the additional facts affect what is ethically at stake?

What options are available, and which seem the best from an ethical viewpoint?

from the VCE Chemistry Study

Design, giving reasons for how well they align.

Design and discuss

3

Design an A4-sized report or brochure

of the arguments for or against (based on
collected evidence) one of the ethical issues in
Challenge 1.6. Identify and justify your own
position on the issue.
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qualitative data
data thatis not
numerical, can be
text, images or audio

quantitative data
data that can be
counted or measured
and is expressed as
numbers

discrete data
data or information
that can only be
certain numerical
values

continuous data
data or information
that can be any
numerical value

collate

collect and combine
texts, information or
data

OXFORD UNIVERSITY PRESS

Generating, collating and

recording data

KEY IDEAS
In this topic, you will learn that:

+ data generated from scientific investigations is important evidence to support the trends,
patterns and/or relationships between variables

+ raw data can be qualitative or quantitative, discrete or continuous

+ raw data from scientific investigations needs to be presented clearly so that it can be easily
understood by your audience.

In VCE Chemistry and other sciences, investigations are important for developing
explanations, supported by evidence (or data), to explain natural phenomena and events.
Raw data generated from scientific investigations and other evidence recorded in your
logbook must be presented in an appropriate format to illustrate any trends, patterns and/or
relationships between the independent, dependent and controlled variables.

Types of data

From previous studies in statistics or mathematics, you know that there are many types of raw
(or unprocessed) data that can be collected. Studies in VCE Chemistry involve the following
raw data types.

¢ Qualitative data can be described in words, phrases or categories (e.g. classifying types
of substances or describing investigation observations in dot points or sentences).

¢ Quantitative data can be described with numbers, quantities or other numerical values,
often collected during scientific investigations. Quantitative data can be further classified as:

— discrete data — set numerical values that are not related (e.g. comparing the energy
content of different foods or fuels)

— continuous data — numerical values within a specified range that are usually
generated when measurement is involved (e.g. temperature, mass, length, voltage,
volume, time, pH).

Collating and recording data

All raw data from scientific investigations, either qualitative or quantitative, should be
collated and presented in a table, which has a title and labelled columns.

Organising qualitative data in tables

For qualitative data, the column labels should include a word or phrase description of the
variables. Data presented in these tables often shows trends that may be compared and
contrasted in the discussion section.

Organising quantitative data in tables

For quantitative data, the column labels should include a description of the independent and
dependent variables and unit(s) if measurement is involved.
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Data presented in these tables displays the numerical values of each variable without a
clear indication of their relationship(s). This means you need to use a graph (or other visual
aid) to show any patterns or relationships.

TABLE 1 A template for organising quantitative data in a table

Dependent variable
(include units)

| | | |

Graphing data

Scientific graphs have the following features in common:

Independent
variable
(include units)

e a title, which should be a descriptive statement that includes the convention ‘dependent
variable versus independent variable’

e axes labels with units and scale numbers

¢ independent variable plotted on the horizontal (x) axis

e dependent variable is plotted on the vertical (y) axis

e properly scaled axes (of equal unit size) that fit the allocated space, and which ensure that
the data is plotted on the graph (not beyond each axis). The graph should be as large as
possible in the allocated space for clarity

e a colour coding system or different symbols for each different set of data points if more
than one data set is plotted on the same pair of axes.

a b

I 1 1 ] ]

I T T T 1 2 3

0 1 2 3 4

] | | | | | 1 2

o 1 2 3 4 5 6 7 8

X X

. — | | | 0 T ! | |
0 1 2 3 4 5 0 2 4 2 4 6

FIGURE 1 When setting up a graph, remember to a scale your axes evenly, and b begin your axes at 0 (or the origin).

Figure 1 shows some examples of what to do and what not to do when drawing graphs.
The points on your axis scale should be the same distance apart. If you use numbers, they
should also increase by the same amount each time.

Graphing discrete data
Qualitative or discrete data can be presented using different types of graphs (see Table 2).

TABLE 2 Graphing discrete data

Pie chart Pie charts are drawn as circles and 3%
divided into segments that each

represent a category. They show the
Water on Earth

® Fresh water
Salt water

proportion of each category as part of
the whole data set.
97%

(continued)
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TABLE 2 continued

Column graph Column graphs are used to display Composition of Earth’s atmosphere
categorical data. The bars can be

78%

plotted vertically or horizontally but
should not be touching.

Percentage of all atmospheric gases (%)

Nitrogen Oxygen Argon Carbon
(N,) 0, (Ar)  dioxide
(CO,)
and other gases
Atmospheric gases

Histogram Histograms are used to show the pH values of rainfall samples
frequency of numerical data groups. i Tlwm 3¢ frequency
Each column width on a histogram the number of times
can be a single data value or a data S an obser\{ation
interval if the data is grouped (e.g. I occur.red nan
. g experiment or a study
0-5, 5-10, 10~15). The height of the 2
column corresponds to the frequency, E
expressed as a number or percentage.
4.5 5.0 5.5 6.0 6.5
pH
Graphing continuous data Study tip
Line graphs or scatterplots are useful ways of presenting continuous data sets where there are Do not confuse
relationships between the dependent and independent variables. Eztcﬁ;ag:asp‘?’gh
A line graph is used to display one or more data sets that are in a defined relationship Histograms are
(Figure 2). used for displaying
The effect of temperature on The relationship between numerlcal data, and
enzyme activity pressure of gas and volume their bars touch.
of the container (Boyle’s law) Column graphs
120 — are used to show
a < 100 — categories of data,
S © @/ and their bars do
9 1= -
§ g % 80 not touch.
o g % 60—
=] 9]
Q QE, a
é % 40 —
£ 20
o,
o
T T T T T T 1 T T T T T T 11
0 10 20 30 40 50 60 70 0 10 15 20 25 30 35 40 45 50
Temperature (°C) Volume (L)

FIGURE 2 Line graphs are used to describe the relationship between two variables in a defined relationship.

A scatterplot is used to identify trends between two data sets that are not in a
defined relationship.
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Line of best fit

line of best fit A line of best fit can be drawn on a scatterplot to demonstrate any trends in the data (see

aline drawn through Figure 3). Some points may be above, below or on the line of best fit. If the trend of the data
a scatterplot of data

points that expresses 18 linear, the line of best fit is drawn with a straight edge. If the trend of the data is curved, a
arelationship smooth curve should be drawn. If there is no visible trend between the data points (i.e. they

between those points 1o scattered all over the graph), then no line of best fit should be drawn.

X

FIGURE 3 A line of best fit is drawn through the middle of your data points. You shouldn’t connect the dots. A line
of best fit can only be drawn if there is a strong positive or strong negative correlation.

Correlation

correlation The relationship between two variables is called the correlation. If the data points on
the presence of a a scatterplot are close together, it could mean there is a stronger correlation between the
relationship between .
two variables; can variables.
differ in strength e If one variable increases as the other variable increases, it is called a positive correlation.
Weight and height are two variables that commonly have a strong positive correlation.
e If one variable increases as the other variable decreases, it is called a negative correlation.
e If there is no trend between the variables (data points are scattered all over the graph), the
data is showing no correlation between the variables.

40
30

20

Strong positive correlation

40
30
20
10 20 30 10 20 30 10 20 30 10 20 30
Strong negative correlation Weak negative correlation

FIGURE 4 Scatterplots are used to describe the relationships between two variables that are not in a straight line.
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1.7 CHECK YOUR LEARNING

Describe and explain

The raw data obtained from this practical

1 State the main features of scientific graphs. investigation is given in Table 3.

Apply, analyse and compare TABLE 3 The students’ raw data

Trial Glucose Measured
concentration (%) absorbance (%)

2 Contrast column graphs and histograms.

Design and discuss

1 0 0.00
3 A student conducted a redox practical 2 5 0.11
investigation that simulated the measurement 3 4 0.25
of blood glucose levels. They used a colorimeter 7 p 037
and solutions of glucose (C H,,0,), potassium B : 0'52
permanganate (KMnO ), distilled water and a :
. . 6 10 0.69
sulfuric acid catalyst (H,SO,).
7 12 0.88

The student prepared a series of glucose

solutions of known concentration and reacted . . . .

. . a Describe the purpose of using distilled water
them with a set volume of a standard solution of
KMnO, (and H,SO, catalyst) in 3mL cuvettes.
They also fill one cuvette with distilled water. b Identify the dependent and the independent

As the permanganate ions (MnO,") are reduced variables in this practical investigation.

in this practical investigation.

to manganese ions, the colour of the solutions
changes from pink to colourless. Each filled
cuvette is placed in the colorimeter and the
students measure the percentage absorbance of

Design a visual representation of the data
in Table 3 with appropriate labels. Use the
evidence from your representation and
Table 3 to identify the relationship between

each coloured solution.

M- T

the dependent and independent variables in
this practical investigation.

S -

FIGURE 5 A colorimeter measures the amount of light
absorbed by different solutions.
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true value

the value you would
get if the data could
be measured and
recorded perfectly

accuracy
how close the value is
to the true value

precision

how close the data
values in a set are to
each other

measurement
result

the final result
reported in an
investigation

repeatability
whether the same
data values can be
produced again by
the same experiment,
under the same
laboratory conditions

reproducibility
whether the same
data values can be
reproduced under
slightly different
conditions
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Evaluating data and

Investigations

KEY IDEAS
In this topic, you will learn that:

+ investigations that generate raw data must be valid, repeatable and reproducible
+ errors and outliers must be included and accounted for in data evaluations
+ significant figures must be considered in all calculations in VCE Chemistry.

The raw data generated from the design and implementation of scientific investigations must
be analysed and discussed in terms of its quality and quantity; it must be valid, repeatable
and reproducible. The VCE Chemistry Study Design provides specific guidance for terms
and definitions for data, measurement, errors, significant figures and outliers.

Data and measurement

When analysing and evaluating the measurement of data, you should know a number of key
terms and be able to use them. These terms are shown in bold.

When data is measured and recorded perfectly, a true value is obtained. If the value
obtained from your experiment is close to the true value, then it is considered to be accurate.
When the experiment is repeated and a set of replicate values is generated, you can assess
the precision of the data by comparing how close (or similar) the values are to each other.
Precision should not be confused with accuracy. It is important to understand the difference
between these two concepts and be able to evaluate them. You can visualise this in Figure 1.

B "%
x
x ® *
x
g x*x L
X

High accuracy Low accuracy High accuracy Low accuracy

High precision High precision Low precision Low precision

FIGURE 1 Accuracy and precision are different concepts.

Once you determine that your data set is accurate and precise, you report this as a
measurement result. This is usually the average of at least three trials but can also refer to
a single result if only one trial was conducted.

It is also important to assess the repeatability of your experiment. This is whether the
same data values can be produced again by the same experiment, under the same laboratory
conditions. You can usually determine repeatability by conducting the same experiment at least
three times.

Reproducibility is similar to repeatability. This is the ability to generate the same data
values under slightly different conditions (such as with a different experiment, different
measuring instrument or in a different laboratory). A reproducible experiment relies on a
clear experimental method and well-defined variables. This is closely linked with accuracy.
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Repeatability and reproducibility can be used to evaluate the
quality or precision of measurement results.

Sy Because different tools are used in experiments, resolution
a. can be different. This is the smallest increment a tool can
measure. For example, if the resolution of a burette is 0.5mlL,
the experimenter needs to estimate the value if it lies between the
marked lines. Measurement readings of 10.50mL or 10.55mL
are possible, but you cannot claim a measurement reading of
10.53 mL..

Finally, you need to be able to assess the validity of an
experiment. An experiment is considered valid if it investigates

what it aims or claims to investigate. For example, if the
FIGURE 2 In these two
measurement tools, the
resolution of the thermometer
is 1°C, and the resolution of
the beaker is 25 mL..

controlled variables change or there is observer bias, the
experiment would not be valid. Both experimental design
and implementation should be considered when evaluating
validity.

Measurement errors, uncertainty, significant
figures and outliers

Although we may aim to measure true values when conducting an investigation, this is often
not achievable because of variations and errors. The term ‘measurement error’ describes the
difference between a measurement result and the true value.

Conducting multiple trials of an investigation is a useful way to minimise the impact of
measurement errors. By conducting more trials, you can record more data and therefore find
average values for measurements across trials. The more trials you conduct, the more likely it
is that the average value will be reliable.

The following list outlines different kinds of errors that might occur during your
investigations.
 Random errors are unpredictable and affect the precision of a measurement. They are

due to an error in the measurement process. For example, parallax error occurs when a

measurement is different from the true value because it has been observed at the wrong angle.

Random errors can be reduced by doing multiple trials and taking repeated measurements.

& With parallax error

11.73 mLL \L< & No parallax error
11.76mL. 4 || 13
;> With parallax error
10

FIGURE 3 Parallax error occurs when a measurement is observed incorrectly from the wrong angle.
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resolution

the smallest
increment a tool can
measure

validity
whether the
experiment
investigates what
it aims or claims to
investigate

error
the difference
between an accepted
or theoretical value
and the experimental,
observed or
measured value

Study tip

Errors are not
mistakes; they are
slight changes in
measurement that
cannot be avoided
when standard
operating and/or
laboratory procedures
are used. Common
types of errors include
reading errors,
parallax errors or
observational errors
and instrument errors.

reading error
an error made by
approximating a
measurement if
it falls between
the markings of a
measuring device

parallax error
an error made by
not having your eye
directly in line with
the measurement
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instrument error
an error due to the
limited accuracy of a
scientific instrument;
usually, very small
(and not significant)
if used with standard
operating and/

or laboratory
procedures

data evaluation
the critical analysis
of data that has been
personally collected
or provided to identify
contradictory or
incomplete data,
orissues such as a
personal bias

percentage error
the calculated
percentage
difference between
an observed or
measured value

and an accepted or
theoretical value

significant
figures

the digits of a number
that are used to
express it to the
required degree of
accuracy, starting
from the first
non-zero digit

Study tip

If you are using
values from the data
book, remember to
consider the number
of significant figures
in these values when
you are rounding your
final answer.

26 CHEMISTRY FOR VCE UNITS 3 & 4

e Systematic errors are consistent and repeatable. They are caused by a problem with
the method or equipment, such as an uncalibrated measuring instrument. Therefore,
repeating the experiment will not reduce the impact of systematic errors.

¢ Mistakes, also called personal errors, are different from systematic or random errors.
Mistakes should not be included in reporting and analysis. Instead, if you make a mistake,
you need to repeat the experiment correctly. Careless measurements, or recording
incorrect measurements, material spills and using incorrect equipment are examples of
mistakes. Mistakes can be avoided by taking more care.

¢ Uncertainty occurs when you are unsure of the exact quantity being measured. For
example, if you weigh a sample at 0.42 g, you may be uncertain if that number is 0.420
exactly, or 0.422. Each piece of equipment has a level of uncertainty.

¢ Qutliers are data points or observations that are very different from the rest of the data
set. Outliers need to be explained when analysing data in the discussion of a scientific
report. For example, it could have been caused by an error during the investigation.
Outliers should also be plotted on a graph (but they can be excluded when drawing a line
of best fit). Repeating measurements can be a useful way to examine outliers.

It is important to be able to critically analyse the data that you have collected or has

been provided to you. This will help you identify any contradictory or incomplete data, and

recognise issues such as personal bias. This is called data evaluation.

Percentage error

Percentage error refers to the difference between a measured value (e.g. one you have taken
in your experiment) and a known or theoretical value. Percentage error can be a positive or
negative number and is calculated as follows:

(observed value) — (accepted or theoretical value)
(accepted or theoretical value)

% error = x 100

Significant figures
Significant figures are essential to calculations in VCE Chemistry. They are the digits of a
number that are necessary to express a number accurately.
The VCAA provide the following guidelines for significant figures:
» all digits in numbers expressed in standard form are significant, e.g. 4.320 x 107 has
4 significant figures
e all non-zero numbers are significant, e.g. 42.3 has 3 significant figures
e zeros between two non-zero numbers are significant, e.g. 4.302 has 4 significant figures
¢ leading zeros are not significant, e.g. 0.0043 has 2 significant figures
e trailing zeros to the right of a decimal point are significant, e.g. 42.00 has 4 significant
figures
e for numbers less than 1, 0.4 has 1 significant figure, 0.04 also has 1 significant figure
whereas 0.40 has 2 significant figures and 0.400 has 3 significant figures

¢ whole numbers written without a decimal point will have the same number of significant
figures as the number of digits, with the assumption that the decimal point occurs at the
end of the number, for example 400 has 3 significant figures. Therefore, a stated volume
of ‘400 mL” will be considered as having 3 significant figures.

Source: VCE Chemistry Study Design (2023-2027) reproduced by permission © VCAA
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1.8 WORKED EXAMPLE

CALCULATING PERCENTAGE ERROR AND APPLYING SIGNIFICANT FIGURES

An experiment was performed to determine the density of lead and yields a value of 10.95gcm™.
The accepted value for the density of lead is 11.342gcm™3.

a Calculate the percentage error, showing all working.

b Round the answer to part a to 4 significant figures.

Solution
T
Step 1: Calculate the percentage error by substituting values into the formula: a % error = 109151_# x 100
% error = (observed value) — (accepted or theoretical value) % 100 =-0.0345618 x 100
[ - 0
(accepted or theoretical value) =—-345618
Step 2: Round —3.456 18 to 4 significant figures, using VCE guidelines. b -3.456%

1.8 CHECK YOUR LEARNING e a ﬁ‘i

Descri nd explain ..
escribe and expla under standard laboratory conditions. Comment

1 Identify the types of errors that would affect the on the accuracy and/or precision of the data
accuracy of data collected in a scientific oisiaiinedl
eS0T, 89°C, 90°C, 91°C, 88°C, 91°C, 95°C, 97°C,
2 Explain why implementing multiple trials in 93°C, 91°C, 90°C
scientific investigations improves the reliability 5 Round the following values to 3 significant
of data obtained. figures.
Apply, analyse and compare a 4.078
3 Compare: b 36
a accuracy and precision c 02.90

b repeatability and reproducibility . .
Design and discuss

¢ mistakes and errors. . ..
6 Design a revision summary tool to help you

4 The accepted boiling point of water is 100°C. remember the application of significant figures in
The following boiling point values were VGCE calculations.

measured by a student during an experiment
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Constructing evidence-based

arguments and conclusions

KEY IDEAS
In this topic, you will learn that:

+ analysis of raw data generated in a scientific investigation is important for constructing
evidence-based arguments and conclusions

+ sentence structure and paragraph structure are important when constructing evidence-
based arguments and conclusions.

Constructing evidence-based arguments and conclusions is an important key science skill
required when studying VCE Chemistry. It is primarily used in the analysis, discussion and
conclusion sections of the scientific investigation report.

How to construct evidence-based arguments
and conclusions

Some broad questions that may be answered when constructing evidence-based arguments are:

e What is the origin of or who was responsible for the experimental results, findings,
evidence or raw data collected?

e Are the experimental results, findings, evidence or raw data accurate, precise, reproducible
and/or repeatable?

¢ What kinds of errors, inconsistencies and outliers may have affected the experimental
results, findings, evidence or raw data collected?

¢ What background information (e.g. chemical concepts, scientific understandings, other
researched information sources) was used to link or connect to the experimental results,
learnings, evidence or raw data to the investigation question and to the aim?

e What series of steps or procedures could be used to improve the experimental design or
methodology for future trials of this scientific investigation?

Structure of an argument
Argument structure usually follows a pattern, the length of which is determined by the
number of arguments addressed. One argument usually corresponds to one paragraph.
Introduction (What is your argument/point of view?):
— Position statement (What is your hypothesis or summary of the scientific
investigation?)
— List the arguments that you will make
Explain your supporting arguments:
— Supporting argument 1
» Point — identified in topic sentence
» Explanation — support with evidence, scientific finding, result or data
— Supporting argument 2:
» Point — identified in topic sentence

» Explanation — support with evidence, scientific finding, result or data
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— Supporting argument 3:
» Point — identified in topic sentence
» Explanation — support with evidence, scientific finding, result or data
Reinforce your main point — “To sum up...’; “To conclude...’

An example is shown below and in Worked example 1.9.

The hypothesis of whether increasing current in an electrolysis reaction positively affected the
reaction rate of electroplating, using a nickel anode and a copper cathode, was supported.

Introduction

From the line graph of the results obtained in Table 1, the mass of the nickel deposited on the PUE—
copper cathode increased as the applied current increased, showing a positive linear relationship
between the dependent variable (mass of nickel deposited) and independent variable (current

applied). The data obtained in the experiment conformed to one of the quantitative Faraday’s Laws

Argument 1,
with supporting
fact from
external source!

of electrolysis!, in that the amount of chemical change at an electrode—electrolyte boundary (mass
deposited) is directly proportional to the amount of electricity (current) used.

Limitations for this experiment included that a small number of trials (one only) were conducted for
each current value and the experiment design was small in scale, as the quantities recorded for the
dependent and independent variables were small (all values recorded and reported were less than 1.0).

Suggestions for future improvement include conducting multiple trials for each current setting to

Argument 2,
featuring
limitations of the
data collected

obtain more reliable values for the mass of nickel deposited and to build a larger-scale electrolytic

cell to take larger current input.

In conclusion, increasing the amount of current in an electrolysis reaction increased the reaction rate

Argument 3,
featuring
suggestions for
improvement

of electroplating of a nickel anode onto a copper cathode in the above experiment. Conducting repeated

trials on a larger-sized electrolytic cell would improve upon the reliability of the data obtained. —

Conclusion

1 Britannica, The Editors of Encyclopaedia (March 2021) ‘Faraday’s laws of electrolysis’ Accessed
25th January 2022 from
https://www.britannica.com/science/Faradays-laws-of-electrolysis

Language features

When writing an argument, use the following language features to enhance your writing: -

e Use connectives to show cause and effect; for example, ‘As an outcome of ..., ‘As a result E
of .., ‘because ...’, ‘consequently ...’

¢ Use scientific terminology and/or supporting figures.

e Use supporting facts and/or quotes from experts or other researched external sources of

information; for example, ‘A study conducted by XX found that ...

¢ Make evaluative statements; for example, “The data shows a clear trend ...’, ‘Evidence
contradicts the argument that ...

¢ Use formal language and avoid personal language (such as I, you, he, she, we, they, me, him,
her, us and them); for example, ‘the hypothesis was supported’, not ‘I proved my hypothesis’.

1.9 CHECK YOUR LEARNING

Describe and explain Design and discuss

w3

2\ 1.9 Worked

example

Find me in your
obook pro

...............

1.9 Worked
example
Video
demonstration

v
1
1
1
|
|
1
1
1

’

1 Explain why it is important to construct and
understand evidence-based arguments and
conclusions in science.

2 Identify three things you should (or should not)
do when writing an evidence-based argument.
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3 Design an evidence-based analysis and conclusion
for the experimental data presented in the ‘Check
your learning’ Topic 1.7, Question 3.
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jargon

special words or
expressions used by
a profession or group
that are difficult for
others to understand

acronym
an abbreviation
formed from the
initial letters of each
word from a group
of words

Study tip

Spell check on your
digital device is

not always 100%
reliable. Read,
re-read or ask another
person to review
your work before
final submission(s)
so that the points
of effective science
communication have
been covered.

Communicating

KEY IDEAS
In this topic, you will learn that:

+ effective science communication depends on knowing your audience and prioritising
important information.

Science communication is not just found in your science subjects at school. It is found in
everyday life: online (websites, blogs, videos, social media), in journalism, in advertising and
in government policy.

Important points to remember in order to communicate science effectively:

¢ Identify and understand your target audience — presenting work for teachers or
external examiners will be different from presenting to your peers.

¢ Use language that is appropriate for your target audience — if you are speaking
to the general public, then limit the use of jargon wherever possible. If you need to
incorporate acronyms, make sure that the full words are written in brackets next to the
acronym on one occasion.

¢ Only include essential content — your communication should contain essential facts
that enhance your target audiences’ understanding of the science involved.

* Use appropriate stylistic elements that are relevant to your target audience — this
may include (but is not limited to) the use of a specific presentation format (poster, report,
infographic or digital media platform), diagrams, photographs, graphs, tables or other
text elements (e.g. similes, metaphors or analogies). They should convey clear content
and messages, and they should appeal to your audience and enhance the information
so that the science is simple, easily understood and relatable without excess information
or confusion.

¢ Use appropriate scientific literacy and conventions — this may include (but is not
limited to) the use of coherent, concise, objective and formal use of scientific language; the
consistent use of tense and/or active or passive voice; definition of key scientific terms and
accurate scientific representations (including models, symbols, units, balanced chemical
equations and/or formulas) and a bibliography or reference list for citation of text and/or
diagrams that are not of your own creation.

Formats for communication

Science is not all about practical reports. There are many ways to communicate scientific
concepts that you might like to try in VCE Chemistry. For example, you could present
information as:

e an oral presentation

e areport

e an infographic

e avideo or animation

e a multimodal presentation

e a scientific poster.
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Scientific poster
In VCE Chemistry, you will produce a scientific poster as part of a major piece of assessment
in Units 3 and 4.

The poster may be produced electronically or in hard copy and should not exceed
600 words, to meet criteria of conciseness, clarity and legibility. Note that tables, graphs and
all references and/or acknowledgments are not included in the word count.

Figure 1 shows the required scientific poster format as specified by the VCAA Study
Design. The centre of the poster should take up 20-25% of the poster space and contain a
one-sentence summary of the major finding or outcome of the investigation that answers the
investigation question.

Title
Student name

Introduction Discussion

Communication statement
Methodology and methods reporting the key finding of the
investigation as a
Results one-sentence summary Conclusion

References and acknowledgements

FIGURE 1 The format for the scientific poster
Source: VCE Chemistry Study Design (2023-2027) reproduced by permission © VCAA

1.10 CHECK YOUR LEARNING @ @

Describe and explain Design and discuss
1 a Define some important elements of effective 4 Compare the results and the discussion sections
science communication. of the poster.
b Describe which of these elements would 5 Using appropriate science communication
be most effective for presenting your elements, design a presentation (of choice) for the
school-assessed coursework. experimental data, evidence-based analysis and

conclusion created in the ‘Check your learning’

2 Explain why it is important to use appropriate
Topics 1.7 and 1.9, Question 3.

scientific language and literacy throughout
the poster.

Apply, analyse and compare

3 Compare the elements of science communication
used in a science video and a media article of
choice. Describe the ways in which they are
similar and different.
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sustainability
using natural
resources more

efficiently, to ensure
supply of resources
is continued into the
future

Study tip
Further detail on

the United Nations
Sustainable
Development Goals is
found on the United
Nations website (link
via your obook pro).
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Sustainability

KEY IDEAS

In this topic, you will learn that:

+ studies of sustainability have been integrated into Units 1-4 of the VCE Chemistry
Study Design.

Sustainability in chemistry refers to the efficiency with which we use natural resources to
meet society’s needs for chemical products and services. Sustainability is important so that we
do not use up all of Earth’s resources, leaving nothing for future generations.

It is a key focus of the VCE Chemistry Study Design. Where possible in VCE Chemistry,
you should consider how you can link ideas to sustainability.

You will consider sustainability in terms of three main perspectives:

e sustainable development
e green chemistry principles
e linear and circular economies.

In this topic, you will explore the three sustainability perspectives and see how and where
they fit into VCE Chemistry. These perspectives are explored throughout the student book.
This includes school-based assessments for Areas of Study 1 or 2, where you will need to
reference sustainability in at least one of them.

Sustainable development

The term sustainable development is defined in a report by the World Commission on
Environment and Development as development that meets the needs of people in the present
without affecting the ability of people in the future to meet their needs.

This led the United Nations to identify their own Development Goals (see Table 1 and
Figure 1) that address current global challenges for sustainability.

For VCE Chemistry, you need to be aware of nine of these goals and how they can be applied.

NO GOOD HEALTH QUALITY GENDER
POVERTY AND WELL-BEING

EDUCATION

|

EQUALITY

s

NT WORK AN mmmvmw REDUCED SUSTAINABLECITES | 1) § S
Eéﬁ,‘.w‘.'é%g"wﬁ AND INFRASTRUCTURE 10 INEQUALITIES 1 AND COMMUNITIES £ ;
A e
qd=) | a ﬁ— [\
il v | hEEE P

1 CLIMATE 1 PEACE. JUSTICE 17 PARTNERSHIPS
ACTION AND STRONG IOR THE GOALS
INSTITUTIONS SUSTAINABLE
ZAAY W DEVELOPMENT
L} B
D) b (S Y GOALS
5 | 4»

FIGURE 1 The 17 United Nations Sustainable Development Goals

OXFORD UNIVERSITY PRESS



TABLE 1 The nine United Nations Sustainable Development Goals relevant to VCE Chemistry and where they fit into Units 3 and 4

Goal L w?uld o .IOOk Like Student book chapter
to achieve this goal?

2 Zero hunger

End hunger, achieve food security, improve nutrition
and promote sustainable agriculture

2 (Topic 2.4), 9 (Topics 9.2, 9.4), 13

6 Clean water
and sanitation

Provide sustainable access to water and sanitation to
everyone

10, 13

7 Affordable and
clean energy

Provide access to affordable, reliable, sustainable and
modern energy for everyone

2 (Topics 2.1, 2.5), 3, 4 (Topic 4.7), 7 (Topic 7.4),
13, 14 (Literature review 2.1, Literature review 3.1,
Literature review 4.7)

9 Industry,
innovation and

infrastructure

Build resilient infrastructure, use inclusive and
sustainable methods of building and production,
foster innovation (i.e. new ideas)

2 (Topic 2.5), 4 (Topic 4.7), 5, 6 (Topics 6.4, 6.7), 7
(Topics 7.4, 7.5), 9 (Topics 9.3, 9.4), 13, 14 (Literature
review 2.1, Literature review 3.1, Literature review 4.7,
Controlled experiment 5.1, Simulation 5.2, Case study
6.3B, Simulation 6.7A, Product, process or system
development 6.7B, Controlled experiment 7.1)

11 Sustainable
cities and
communities

Make cities and human settlements inclusive, safe,
resilient and sustainable

2 (Topic 2.5), 4 (Topic 4.7), 7 (Topic 7.4), 9 (Topic
9.4), 14 (Literature review 2.1, Literature review 3.1,
Literature review 4.7)

12 Responsible
consumption
and production

Ensure resources are consumed and produced
sustainably

2 (Topics 2.1, 2.5, 2.8), 3 (Topics 3.1, 3.4), 4 (Topic
4.7), 6 (Topics 6.4, 6.7), 7 (Topic 7.4), 9 (Topics 9.3,
9.4), 13, 14 (Literature review 2.1, Literature review
3.1, Literature review 4.7, Controlled experiment 5.1,
Simulation 5.2, Case study 6.3B)

13 Climate Take urgent action to combat the climate crisis, 2 (Topics 2.1, 2.5), 3, 4 (Topic 4.7), 7 (Topic 7.4),

action including drastically reducing greenhouse gas 13, 14 (Literature review 2.1, Literature review 3.1,
emissions Literature review 4.7, Case study 6.3B)

14 Life below Protect and use sustainably the oceans, seas and 13, 14 (Case study 6.3B)

water marine resources

15 Life on land

Protect, restore and promote ecosystems on land,
manage forests, combat desertification, and reverse
land degradation and loss of biodiversity

2 (Topic 2.5), 13

FIGURE 2 United Nations Sustainable Development Goal 12 is a big focus in Units 3 and 4. You will learn a lot about
shifting away from a fossil fuels and towards b fuels derived from biomass, like cane sugar.
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green chemistry
an area of

chemistry that
focuses on designing
safer and more
sustainable new
products

Green chemistry principles

Green chemistry is an area of chemistry that focuses on designing safer and more

sustainable new products. It is based on several principles that aim to reduce the impact of

product or process development on the environment, resources and human well-being.

The principles focus on reducing risks or hazards, the amount of materials consumed, the

amount of energy used and unwanted wastes.

To achieve these aims, green chemistry relies on creativity and innovation in developing

new products, processes and systems.

Seven green chemistry principles are important in VCE Chemistry (Table 2).

TABLE 2 The seven green chemistry principles important in VCE Chemistry and where they fit into Units 3 and 4

Green

chemistry

principle

Description

Student book chapter

Atom economy

Atom economy refers to how much of the initial reactant
atoms are contained in the final product. Processes that
are designed to have good atom economy maximise

the incorporation of reactant materials into the

final product.

2 (Topic 2.3), 4 (Topic 4.3), 10, 19 (Literature
review 2.3, Fieldwork 4.3B)

Catalysis Catalysis involves using a catalyst (such as an enzyme) 10
to increase the rate of a chemical reaction. In green
chemistry, the use of catalysis aims to generate the same
product with less energy or waste in a reaction.

Design for Under this principle, products are designed to break 9,13

degradation down (degrade) into harmless products at the end of

their life cycle. They do not persist in or harm the
environment.

Design for energy
efficiency

Under this principle, processes are designed to increase
energy efficiency.

5, 6 (Topic 6.7), 7 (Topic 7.4), 13

Designing safer
chemicals

Under this principle, chemical products are designed to
be less harmful or toxic, yet still able to carry out their
purpose.

9 (Topic 9.4), 13

Prevention of
wastes

This principle seeks to prevent waste rather than treating
or cleaning it up after it has been created.

7, 9 (Topic 9.3), 13, 14 (Literature review 3.1)

Use of renewable
feedstocks

feedstock

araw material used to

produce other goods

linear economy
a way of managing
resources that
operates on a take-

make-dispose model;

new resources are
used and disposed of
after use

A raw material or a feedstock (used for processing
another product) should be made from sustainable
materials (e.g. plant-based), rather than fossil fuels.

2 (Topics 2.1, 2.5), 4 (Topic 4.7), 9 (Topic 9.4),
12 (Topic 12.1), 13, 14 (Literature review 2.1,
Literature review 3.1, Literature review 4.7)

Linear and circular economies

Natural resources are becoming scarce. Humans are using and disposing of more products

than we have ever done in the past. This is due to growing global populations, but also due to

global spending habits.

As a society, we must rethink the way we consume and dispose of products to make sure

our natural resources are available in the future.

In VCE Chemistry, you may be asked to compare how a linear economy and a circular

economy make use of our resources.
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Linear economy

A linear economy uses a ‘take—make—dispose’ model. Resources are extracted from nature or that involves sharing,

the Earth to make products that will be thrown away (sometimes after only one use). A simple

representation is shown in Figure 3.

circular economy
a model of production

leasing, re-using,
repairing, refurbishing
and recycling existing
materials and
products as long as

possible
Natural

resources
FIGURE 3 A representation of a linear economy
Circular economy
A circular economy is a more sustainable approach. It
follows a continuous cycle that focuses on using and Take
re-using resources repeatedly at different stages of
production and consumption (Figure 4).

Linear and circular economy concepts are explored in Recycle Make
the following chapters in the student book: Cl;jrfl‘;ipcc;lﬁ R
e Chapter 2 (Topic 2.5)

e Chapter 7
* Chapter 8 (Topics 8.3, 8.4) Trizrstfer Distribute
e Chapter 9
e Chapter 10
Use
e Chapter 13. Re-use
Repair

1.11 CHECK YOUR LEARNING

Describe and explain

1 Describe and explain which principles of green

chemistry are the most relevant to studying
VCE Chemistry.

Explain why the transition from a linear to a
circular economy is being used as a strategy for
more sustainable development.

Design and discuss

3 Some hazardous substances that have been

minimised or eliminated by green chemistry
processes include carbonyl chloride (for the

OXFORD UNIVERSITY PRESS

FIGURE 4 A representation of a circular economy

manufacture of bisphenol A in plastics),

sodium salts of alkyl benzene sulfonic acids

(for detergents), sodium phosphate builders

(for removing calcium and magnesium ions
from hard water), chlorofluorocarbons (for
refrigeration, air conditioning and aerosol
propellants) and phosphorus- or chlorine-based
pesticides (for crop pest control). Select one

of the hazardous substances mentioned and
research how green chemistry was used to
replace it. Present your findings to your class.
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+ all known elements are arranged in rows and columns in the periodic table according to their
electron shell configuration and properties
+ the periodic table is an important learning tool in VCE Chemistry.

Using the periodic table

KEY IDEAS
In this topic, you will learn that:

periodic table The early development of the periodic table is credited to the Russian scientist Dmitri

the table that
organises the

Mendeleev. In 1869, he arranged around 60 known elements based on their reactivities.

elements in The modern periodic table (Figure 1) arranges the elements in order of (from left to right)

increasing order of increasing atomic number or number of protons. You should remember from Units 1 and 2

atomic number

that elements in the periodic table are arranged in different families: alkali metals, alkaline

proton earth metals, transition metals, post-transition metals, lanthanides, actinides, metalloids,

a subatomic particle
in an atom’s nucleus
with a positive charge  labelled for your reference.

1 Group

1

1 H
1.0

Hydrogen

Francium

non-metals (diatomic and polyatomic) and noble gases. These have been colour-coded and

6 —]

12.01 4

Carbon

18
——— Atomic number
I —— Chemical symbol 2
+—— Atomic mass He
+—— Name of element 4.0
Helium
13 14 15 16 17
9 10
N F Ne
14.0 19.0 | 20.2
Nitrogen Fluorine | Neon
14 17 18
Si Cl Ar
28.1 355 | 39.9
Silicon Chlorine Argon
35 36
Br Kr
79.9 | 83.8
Germanium Arsenic Bromine Krypton
51 52 53 54
Sb Te 1 Xe
121.8 | 127.6 | 126.9 | 131.3
Antimony | Tellurium lodine Xenon
85 86
At Rn
(210)
Astatine

Rare earth elements
Lanthanide series

Actinide series

METALS

group [ alkali metal
a vertical column on [ alkaline earth metal

the periodic table B enthanide

M actinide

electron "
[ transition metal

a subatomic particle in
an atom’s nucleus with
anegative charge FIGURE 1 The periodic table

[ post-transition metal
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Metals

NON-METALS OTHER
[ diatomic non-metal [ metalloid
[ polyatomic non-metal Il unknown chemical properties
[ noble gas
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The 18 vertical columns of the periodic table are called groups. Elements in the same
group have very similar chemical and physical properties. They also have the same number of

electrons in their outermost or valence shell.

valence shell

The seven horizontal rows of the periodic table are called periods. The period number the outer shell of an

indicates the number of electron shells. For example, elements in the fourth period (or row) of
the periodic table contain four electron shells.

Using the periodic table

Each rectangle of the periodic table contains useful information for
constructing and balancing chemical equations (see Topic 1.13) and for
all quantitative calculations required during studies of VCE Chemistry.
From Figure 2, you can find the atomic number or the number of
protons at the top of the rectangle. Every element has a unique atomic
number. This value is also equal to the number of electrons of the

uncharged (or neutral) element.

Under the atomic number, you will see the chemical symbol of the
element. The convention for writing chemical symbols is either a capital

atom where electrons
are found

period
a horizontal row on
the periodic table

Atomic number

Chemical symbol

Atomic mass

Name of element

letter by itself (like C for carbon in Figure 2) or a capital letter followed FIGURE 2 The element carbon has an

by a lower-case letter (like Co for cobalt, one of the transition metals).

atomic number of 6, atomic mass of 12.0 and
chemical symbol C.

Beneath the chemical symbol is the atomic mass of the element. This
is the sum of the number of protons and neutrons in an element. For most elements, this is neutron

larger than the atomic number and is not a whole number (for example, 24.3 for magnesium).

a subatomic particle
in an atom’s nucleus

The atomic mass is equal to the weighted average of its individual isotopic masses, which with a neutral (or
depends on the natural abundance of the element. Remember from Units 1 and 2 that zero) charge
isotopes of an element have the same number of protons (atomic number) but different abundance

numbers of neutrons.

how often the
substance occurs

The full name of the chemical element is shown at the bottom of each rectangle, like

carbon from Figure 2.

nuclear charge
the total charge
of the nucleus due

Trends of the periodic table to the number of

positively charged
Patterns of physical and chemical properties can be read from the periodic table. protons
Some of the major trends of the periodic table going down a group (vertically) are shielding effect

summarised in Table 1. Many of these trends can be explained by the number of electron shells.

the shielding of
valence electrons by

In Table 2 (on the next page), you can find some of the major trends on the periodic inner electrons that

table going across a period (horizontally). Many of these trends can be explained by the

nuclear charge.

alters the nuclear
charge felt by valence
electrons

TABLE 1 Periodic table trends going down a group (top to bottom)

Atomic size or radius increases More electrons are present. Therefore, more space is required to
accommodate them.

Metallic character (or how readily an | increases Valence electrons are further away from the nucleus and can be removed

atom loses a valence electron) more easily or can become delocalised to form an ‘electron sea’.

Reducing strength of metals (or the | increases Valence electrons are further away from the nucleus and can be removed

ability to lose electrons) more easily.

Oxidising strength of non-metals (or | decreases Valence electrons are further away from the nucleus, making it more

the ability to gain electrons)

difficult to attract (or gain) new electrons.

OXFORD UNIVERSITY PRESS

(continued)

CHAPTER 1 CHEMISTRY TOOLKIT 37



TABLE 1 continued

First ionisation energy (or the
amount of energy in the gaseous
state required to lose an electron)
Electronegativity (the ability of a
nucleus to attract electrons towards
itself)

Reactivity (depending on how easily
electrons are transferred to/from the

atom)

decreases

decreases

increases

Valence electrons are further away from the nucleus. Therefore, the
energy required to remove one of these electrons is reduced.

Valence electrons are further away and are not as strongly attracted to
the nucleus. This is also due to an increased shielding effect, where a
greater number of inner electron shells reduces the charge experienced by

valence electrons.

Depends on first ionisation energy and electronegativity. As both
decrease going down a group, the atom is more likely to gain or lose
electrons to form a new bond in a chemical reaction.

TABLE 2 Periodic table trends going across a period (left to right)

Atomic size or radius

Metallic character

Reducing strength of metals

Oxidising strength of non-metals

First ionisation energy

Electronegativity

Reactivity

decreases

decreases

decreases

increases

increases

increases

decreases

1.12 CHECK YOUR LEARNING

Describe and explain

1 Explain the trend in electronegativity of the non-

metals.

2 Explain the trend in the metallic character of the
transition metals, with reference to hafnium (Hf)

and copper (Cu) in your response.
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Nuclear charge increases, attracting electrons closer. This decreases
the volume or size of the atom. (This holds roughly true but there are some
exceptions to this pattern.)

Nuclear charge increases, attracting valence electrons closer. It is
therefore more difficult to lose electrons to form an ‘electron sea’.
Nuclear charge increases, attracting valence electrons closer. It is
therefore more difficult to lose electrons.

Nuclear charge increases, attracting valence electrons closer. This makes

it more difficult to attract (or gain) new electrons.

Nuclear charge increases, attracting valence electrons closer. Therefore,
more energy is required to remove a valence electron.

Nuclear charge increases, attracting valence electrons closer.

Depends on first ionisation energy and electronegativity. As both increase
going across a period, the atom is less likely to gain or lose electrons to
form a new bond in a chemical reaction.

(This holds roughly true but there are exceptions to this pattern.)

00

3 Use the periodic table to complete the missing

Apply, analyse and compare

information below.

Atom Name of Number of | Number of
element protons neutrons
32
15P
Uranium

31 32
4 Compare the positions of caesium and fluorine in
the periodic table and use the trends summarised
in Tables 1 and 2 to predict their relative
reactivities.
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law of
conservation of

mass
a law that states that
in anisolated system,
mass cannot be

created or destroyed

isolated system
a thermodynamic
system that cannot
exchange matter or
energy outside its
boundaries
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Balancing chemical equations

KEY IDEAS
In this topic, you will learn that:

+ balanced chemical equations obey the law of conservation of mass
+ construction and balancing of chemical equations is a prerequisite for completing
quantitative calculations in VCE Chemistry.

Constructing and balancing chemical equations is an important skill in VCE Chemistry.
School assessment questions often ask you to ‘write the balanced chemical equation for the
reaction between ...” before you start the quantitative calculations.

The law of conservation of mass

The law of conservation of mass states that in an isolated system, during a chemical
reaction, mass is conserved. It cannot be created or destroyed.

This means that in chemical reactions, the chemical bonds between the reactants
and products are broken and rearranged, so that the number of atoms involved remains
unchanged. Balanced chemical equations obey the law of conservation of mass. But the
number of atoms present does not change.

Mercury oxide (100 g) Mercury (93g) Oxygen (7g)

Reactant mass

Product mass

FIGURE 1 When mercury oxide (HgO) is heated, its atoms rearrange to form liquid mercury (Hg) and oxygen
gas (O,). The mass of the reactants and products is the same.

This concept is important to remember when balancing equations. There needs to be the
same number of molecules on the reactant side as the product side.

Steps for balancing chemical equations

You can follow these steps when asked to balance a chemical equation.

Step 1 Write the equation with the known products
and reactants

Write the chemical formulas for the reactants and products. These formulas cannot be
changed to make the equation balance (i.e. do not change the subscripts).

CH, + O, - H,0 + CO,

This equation is not balanced.
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Step 2 Tally the atoms

Tally how many atoms of each element are on either side of the arrow.

CH, + 0, N H,0 + Cco,
c=1 C=0 C=0 c=1
H=4 H=0 H=2 H=0
0=0 0=2 o=1 0=2
C=1+0=1 C=0+1=1
H=4+0=4 H=2+0=2
0=0+2=2 O=1+2=3

In this example, the number of carbon atoms is balanced (one on each side) but the
numbers of hydrogen and oxygen atoms are not balanced.

Step 3 Add coefficients

Put numbers (coefficients) in front of the molecules to add further molecules. These
numbers multiply all the atoms in the chemical formula (i.e. putting a 2 in front of H,O
means there are now twice as many H and twice as many O atoms).

Balance one element at a time.

Balance hydrogen, by adding the coefficient 2 to the product side.
CH, + O, - 2H,0 + CO,

CH, + 0, - H,0 + Co,
C=1+0=1 C=0+1=1
H=4+0=4 H=2+0=2x2=4
0=0+2=2 O=1x2+2=4

Balance oxygen by adding the coefficient 2 to the reactant side.

CH, + 20, — 2H,0 + CO,

CH, + 0, - H,0 + Co,
C=1+0=1 C=0+1=1
H=4+0=4 H=2+0=2x2=14
0=0+2x2=4 O=1x2+2=4

There are now equal amounts of C, H and O on both sides of the equation.

Step 4 Check your work

Check your work by re-counting all types of atoms on both sides of the arrow (this equation is
now balanced).
Figure 2 is a visual representation for this chemical reaction.

e +
FIGURE 2 The reactants
(methane and oxygen) have the Methane Oxygen Water Carbon dioxide
same number of C, H and O L ) L )
atoms as the products (water and Y Y
carbon dioxide) of this reaction. Reactants Products

40 CHEMISTRY FORVCEUNITS 3& 4 OXFORD UNIVERSITY PRESS



Step 5 Add the states

If you know the states, place the following symbols after the formulas; (g) for a gas, (1) for a
liquid, (s) for a solid, (aq) for an aqueous solution (in water).
For the previous equation for the complete combustion of methane, we would write:
CH,(g) +20,(g) — 2H,0(g) + CO,(g)

In this case, the methane is being burned at a high temperature, so the water will be in a
gaseous state.

1.13 CHECK YOUR LEARNING E\,a ﬁi

Describe and explain

f Fe,O,() + CO(g) — Fe(s) + CO,(g)
1 Explain why balanced chemical equations obey i . G .
the law of conservation of mass. g () g — MgCl,(aq) 2(8)
h Ca(CN + HCl — HCN + CaCl
Apply, analyse and compare aCN),© @a) @) aCl,@q)
2 Balance the following chemical equations: i IRCER) T CILE) = RERLE)
a Na() + ClL(g) — NaCl(s) i Mg() + 0,(g) - MgO®s)
b Fe(s) + O,(g) — Fe,0,(s) Design and discuss
¢ Ag,CO,(5) = Ag,0(s) + CO,(g) 3 Using Figure 2 as an example, design a visual
d C.H,(g) + O,(g) - CO(g) + H,0(g) representation of one of the balanced chemical

equations in Question 2.
e P, +0,(g —P,0,0

FIGURE 3 A balanced
equation has the same
number of each type of
atom on either side of
the arrow.
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Preparing for assessment

KEY IDEAS
In this topic, you will learn that:

+ organisational skills are important for revision
+ understanding the meaning of command terms (e.g. describe, discuss, identify) will help you
to answer questions well in assessments.

Preparing for any assessment in VCE Chemistry requires organisational skills that can be
practised throughout the year. These revision skills are very important in Units 3 and 4.

Organisational skills

The organisational skills that are useful for VCE studies include:
e creating a timetable for your studies, homework and other commitments
e setting SMART goals

e incorporating reflection and/or evaluation of strategies for continuous improvement.

Creating a timetable

It is important to have a balance when you are in VCE. Make sure you have time to study,
continue your extracurricular activities (such as hobbies or a part-time job) and rest properly.
Follow the link in your obook pro to access a template you could use to create a study

1.14 Study
plan template
Find me in your
obook pro

______________

% timetable, or you could use information technology resources to create your own version.
@ Make sure you block out the time spent at school (including travel), playing sport, for family
commitments, having meals/snacks and at part-time work. Be realistic — look at the amount
/ of time you have left; you may have to make some sacrifices to succeed in your VCE studies

without sacrificing your mental health.

For the remaining time, allocate homework and/or study time for each subject, making
sure that you are actively applying the skills learnt in class rather than only trying to
remember the content.

Setting SMART goals

Setting and achieving goals in VCE studies improves your motivation to succeed. Goals are
most effective when they are SMART:

e Specific — clear and explicit

e Measurable — can be measured or is a measure of success

e Attainable — can be challenging (for learning and growth) but reachable

¢ Relevant — are meaningful and worthwhile (i.e. what is to be accomplished)

¢ Time-based — are committed to deadlines or set times.

When setting your SMART goals, consider your strengths and weaknesses, as well as your
thoughts and feelings about subject(s). An example of a SMART goal would be ‘By the end of
Term 1, I would like to achieve an average of B+ or higher for my internal assessment tasks in
Chemistry’ rather than the less specific ‘improve in Chemistry’.
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Reflection

Every few weeks, pause to reflect on your progress and the effectiveness of your organisational

approach. Aim for continuous improvement — if something is not quite working, then change
to a more reliable (and repeatable) strategy. Celebrate small successes and continue to
challenge yourself by setting new goals.

The advantages of having good organisational skills include improving your marks in
school-assessed coursework and reducing your stress, worry, procrastination and uncertainty
levels. It will allow you to work smarter (not harder), avoid last-minute panics and gain a sense
of accomplishment, in the knowledge that you did your best.

Examination tips

When you sit your exam in Units 3 and 4, there are a few strategies that could help

you prepare.
Before the exam:

e Start revising early. Cramming is stressful!

e [Eat a healthy diet and cut back on processed or junk food and sugar-laden beverages.

» If you can, have a separate area where you revise or study from where you sleep because a
good night’s sleep is essential in the lead-up to the exam to help aid concentration.

e On the day of the examination, eat breakfast so that you are not distracted by hunger or
the noise of your rumbling stomach.

e Take a bottle of water with the labels removed to maintain hydration.

* Arrive in plenty time before the examination; 15 minutes before the start of reading time
is usually sufficient.

e Allow time for a bathroom visit before entering the examination venue.
During the exam:

* Use your reading time effectively — read the instructions and the questions carefully and
plan out your responses.

e Once writing time has started, think about quickly jotting down some of the ideas that
came to mind during reading time, so that you don’t forget them later!

e Make use of your extra writing spaces or ask for a spare piece of paper.

e Don’t dwell on questions you find difficult. Move on and return to them once you’ve
finished the other questions well.

e On the multiple-choice questions, eliminate those answer choices that you think
are incorrect.

e Beware of careless mistakes such as missing units, incorrect decimal places in conversions
and using incorrect formulas and significant figures in answers.

*  When drawing chemical compounds, chemical bond types or semi-structural formulas,
use large, clear and accurate diagrams.

After you finish learning all of the content in Units 3 and 4, your teacher may assign you a
practice exam that tests your knowledge and skills on everything you’ve learnt!

Understand command terms

Make sure you understand what the command terms mean, so that you can provide succinct
and appropriate responses. Table 1 lists the VCAA VCE command terms that you may
encounter in assessment tasks and exams.

OXFORD UNIVERSITY PRESS

procrastination
the action of delaying
or postponing
something

Study tip

Studying for your
VCE exams should
begin during the first
week of the first
topic, as smaller and
consistent study
sessions create better
student outcomes
(higher marks) than
longer and irregular
study sessions.
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TABLE 1 Command terms

account of
account for

analyse

apply
assess

calculate
clarify
compare

construct

contrast
deduce
define
demonstrate

describe

discuss

distinguish

evaluate

examine

explain

extract

extrapolate

identify

infer

interpret

investigate

justify

list

Describe a series of events or transactions.
State reasons for; report on.

Identify components/elements and the significance of the relationship between them; draw out and relate
implications; determine logic and reasonableness of information.

Use; employ in a particular situation or context.

Make a judgment about, or measure, determine or estimate, the value, quality, outcomes, results, size,
significance, nature or extent of something.

Determine from given facts, figures or information; obtain a numerical answer showing the relevant stages in the
working; determine or find (e.g. a number, answer) by using mathematical processes.

Make a statement or situation more comprehensible.

Recognise similarities and differences and the significance of these similarities and differences.

Make, build, create or put together by arranging ideas or items (e.g. an argument, artefact or solution); display
information in a diagrammatic or logical form.

Show how things are different or opposite.
Draw a conclusion from given information, data, a narrative, an argument, an opinion, a design and/or a plan.
Give the precise meaning and identify essential qualities of a word, phrase, concept or physical quantity.

Show ideas, how something can be done or that something is true by using examples or practical applications, or
by applying algorithms or formulas.

Provide characteristics, features and qualities of a given concept, opinion, situation, event, process, effect,
argument, narrative, text, experiment, artwork, performance piece or other artefact in an accurate way.

Present a clear, considered and balanced argument or prose that identifies issues and shows the strengths and
weaknesses of, or points for and against, one or more arguments, concepts, factors, hypotheses, narratives and/or
opinions.

Make clear the differences between two or more arguments, concepts, opinions, narratives, artefacts, data points,

trends and/or items.

Ascertain the value or amount of; make a judgment using the information supplied, criteria and/or own knowledge
and understanding to consider a logical argument and/or supporting evidence for and against different points,
arguments, concepts, processes, opinions or other information.

Consider an argument, concept, debate, data point, trend or artefact in a way that identifies assumptions,
possibilities and interrelationships.

Give a detailed account of why and/or how with reference to causes, effects, continuity, change, reasons or
mechanisms; make the relationships between things evident.

Select relevant and/or appropriate detail from an argument, issue or artefact.

Infer and/or extend information that may not be clearly stated from a narrative, opinion, graph or image by
assuming existing trends will continue.

Recognise and name and/or select an event, feature, ingredient, element, speaker and/or part from a list or
extended narrative or argument, or within a diagram, structure, artwork or experiment.

Derive conclusions from available information or evidence, or through reasoning, rather than through explicit
statements.

Draw meaning from an argument, point of view, description or diagram, text, image or artwork and determine
significance within context.

Observe, study or carry out an examination in order to establish facts and reach new conclusions.

Show, prove or defend, with reasoning and evidence, an argument, decision and/or point of view using given data
and/or other information.

Provide a series of related words, names, numbers or items that are arranged consecutively.

(continued)
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TABLE 1 continued

name Provide a word or term (something that is known and distinguished from other people or things) used to identify
an object, person, thing, place etc.

outline Provide an overview or the main features of an argument, point of view, text, narrative, diagram or image.

persuade Induce (someone) to do something through reasoning or argument; convince.

predict Give an expected result of an upcoming action or event; suggest what may happen based on available information.

propose Suggest or put forward a point of view, idea, argument, diagram, plan and/or suggestion based on given data or
stimulus material for consideration or action.

recall Present remembered ideas, facts and/or experiences.

recommend | Put forward and/or approve (someone or something) as being suitable for a particular purpose or role.

recount Retell a series of events or steps in a process, usually in order.

state Give a specific name or value or other brief answer without explanation or calculation.

suggest Put forward for consideration a solution, hypothesis, idea or other possible answer.

summarise  Retell concisely the relevant and major details of one or more arguments, text, narratives, methodologies,
processes, outcomes and/or sequences of events.

synthesise Combine various elements to make a whole or an overall point.

Source: Glossary of command terms reproduced by permission © VCAA

1.14 CHECK YOUR LEARNING @
Describe and explain 4 Contrast the following command terms.
1 Describe at least two strategies that can be useful a Deduce and calculate
for answering examination questions. b Outline and identify

2 Explain why having good organisational skills is

¢ Evaluate and justify

important for VCE studies.

Apply, analyse and compare

3 Analyse the revision strategies that you currently
use and develop a SMAR'T goal for improvement
in this area.

Design and discuss

5 Use ICT resources to create and print your
personal study timetable, using a template similar
to that shown in Figure 1. Keep it visible and
stick to it!

STUDY PLAN

Mon

_Tues / _Wed | Thur | Fii / Sat / Sun /

06:00

07:00

08:00

09:00

10:00

11:00

12:00

13:00

14:00

15:00

16:00

17:00

18:00

19:00

20:00

1:00

o

2:00

3:00

SIS

4:00

FIGURE 1 An example of a study plan template
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CHAPTER

Review

Chapter summary
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The VCE Chemistry course has a clear structure.

There are many career pathways available from studying Chemistry.

Aboriginal and Torres Strait Islander Peoples were Australia’s first chemists and applied their unique
scientific knowledge about the natural world to find (or refine) suitable food sources and develop
traditional medicines and other useful materials in sustainable ways.

The key science skills and their application are important for success in VCE Chemistry.

A research question states the specific problem or issue on which your investigation will be based.
An aim is a statement of what is to be investigated.

A hypothesis is a testable statement that may include a prediction of an outcome of an investigation.
A variety of methodologies can be used for a scientific investigation.

A logbook is required for recording raw data and must be submitted intermittently for

assessment purposes.

The scientific poster has a specific format in VCE Science.

Safety is your priority when performing scientific investigations.

A risk assessment is an organised way of identifying hazards and/or risk factors and implementing
controls for prevention when performing scientific investigations.

Skills and knowledge of ethical understanding are applied to all types of scientific investigations.

Data generated from scientific investigations is important evidence to support the trends, patterns and/
or relationships between variables.

Raw data can be qualitative or quantitative, discrete or continuous.

Raw data from scientific investigations needs to be presented clearly so that it can be easily understood.
Investigations that generate raw data must be valid, repeatable and reproducible.

Errors and outliers must be included and accounted for in data evaluations.

Significant figures must be considered in all calculations during VCE Chemistry.

Analysis of raw primary data is important for constructing evidence-based arguments and conclusions.
Sentence and paragraph structure is important for constructing evidence-based arguments and conclusions.
Effective science communication depends on knowing your audience, avoiding jargon and

prioritising information.

The three perspectives of sustainability in VCE Chemistry are sustainable development, green
chemistry principles, and linear and circular economies.

The periodic table organises the elements in increasing order of atomic number. Each column of the
periodic table is called a group and each row is called a period.

Trends in the periodic table are explained by differences in number of electron shells (going down a
group) and nuclear charge (going across a period).

Balanced chemical equations obey the law of conservation of mass.

Constructing and balancing chemical equations is a prerequisite for completing quantitative calculations
in VCE Chemistry.



* Organisational skills are important for assessment preparation.

¢ Understanding command terms can help you to answer questions properly on assessment tasks.

Chapter checklist

Use the success criteria in the table below to rate how well you understand each concept as ‘Confidently’, ‘Mostly’
or ‘Not really’. If you’re not feeling confident about any of these skills or ideas, use the revision links to revisit them.

understand the structure of the VCE Chemistry course,
including the Areas of Study, their Outcomes, and D D D Go back to Topic 1.1
Assessments

* understand that Aboriginal and Torres Strait Islander
Peoples’ knowledges and perspectives have informed and Go back to Topic 1.2
enhanced scientific thinking

* develop aims and questions, formulate hypotheses and

P L. q ? P Go back to Topic 1.3
make predictions

¢ plan and conduct investigations, including using a .

Go back to Topic 1.4
logbook

» describe the eight key scientific investigation

. . Go back to Topic 1.4
methodologies relevant to VCE Chemistry

* comply with safety and ethical guidelines, including
understanding basic lab safety rules and the importance Go back to Topic 1.5
of risk assessments

» describe the role of ethical understanding in
VCE Chemistry

e generate, collate and record data, including

Go back to Topic 1.6

differentiating between different types of data .

.. .. . . Go back to Topic 1.7
(qualitative, quantitative, discrete and continuous data)
and using graphs to represent data

» analyse and evaluate data and investigation methods,
including considering the validity, repeatability and .

. . [ . Go back to Topic 1.8
reproducibility of data, identifying errors and outliers,
and using significant figures

e construct evidence-based arguments and draw

. Go back to Topic 1.9
conclusions

* analyse, evaluate and communicate scientific ideas .
yse Go back to Topic 1.10

* describe the three different perspectives on sustainability,
including sustainable development, green chemistry Go back to Topic 1.11

principles, and linear and circular economies
* use the periodic table as a tool to identify patterns and .
. Go back to Topic 1.12
properties of elements

¢ Dbalance chemical equations Go back to Topic 1.13

* understand the importance of organisational skills in

preparing for assessments, including creating and using a Go back to Topic 1.14

O oo odd o O oOoodod
O oo odd o O oOoodod
O oo odd o O oOoodod

timetable, setting SMART goals and reflecting on progress
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Revision questions

Multiple choice

5 How many significant figures are in the
measurement: Temperature = 0.0230°C?

1 The law of conservation of mass means that:

A chemical formulas are conserved during
a reaction.
B there are different types of atoms in the
reactants from those of the products.
C the coefficients used to balance
chemical equations.
D the mass of the reactants must equal the
mass of the products.
2 The balanced chemical equation for the
burning of propane in oxygen is:
A CH, +100,— 3CO, +4H,0
B CH,+50,—3CO,+4H,0
C CH, +130,—3CO, +5H,0
D 2CH, + 130, — 6CO, + 10H,0
3 Which of the following best describes the
required VCAA format for the scientific
poster?
A Aim, hypothesis, methodology, results,
discussion, conclusion, references
B Introduction, methodology, results,
communication statement, discussion,
conclusion, references
C Title, student name, introduction,
methodology, results, communication
statement, discussion, conclusion,
references and acknowledgements
D Abstract, introduction,
methodology, results, discussion,
conclusion, acknowledgements
4 What is the variable that is purposely
changed in an experiment or practical
activity?
A Controlled variable
B Dependent variable
C Independent variable
D Random variable

A 2
B 3
C 4
D 5

Poor precision in scientific measurements

may arise from:

A theoretical values being too inflexible.

B human error.

C limitations of the measuring instrument.

D both human error and the limitations of
the measuring instrument.

If an accepted value is 15.63 and a student

measured 12.82, 12.96, 13.02 and 12.99 in

subsequent trials of an experiment, their

data would be described as:

A accurate but not precise.

B precise but not accurate.

C both accurate and precise.

D neither accurate nor precise.

Deduce which of the following is not

compatible with the principles of green

chemistry.

A Maximising energy use in each process

B Minimising the use of toxic chemicals by
replacing them with safer alternatives

C Maximising the atom efficiency of each
reaction pathway

D Minimising the formation of wastes
and by-products

Short answer
Describe and explain

9 Describe at least two examples of chemical

processes used by Aboriginal or Torres Strait
Islander Peoples for food sources, medicinal
or construction purposes that are not
mentioned in Topic 1.2.
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10 Explain some of the language features used a Identify the dependent and the
for constructing evidence-based arguments independent variables in this practical
for scientific investigations. investigation.

Apply, analyse and compare b Write an aim for this practical

. investigation.
11 A student set up an electrochemical cell . . .
¢ Formulate a hypothesis for this practical

(Figure 1) to investigate the effect of . ..
investigation.

temperature on measured cell voltage.
Solutions of the electrolytes used were 1.0 M.
The results of the practical investigation are

d Calculate the average voltage reading for
each temperature recorded and complete
Table 1.

e Create a visual representation of the
data in Table 1 (with appropriate labels)

given in Table 1.

St bridge (KNO,) to identify the relationship between the

e dependent and independent variables in
Anode / N\ Cathode this experiment.

A ( A ( f Use the electrochemical series (page 135)
to calculate the percentage error of the
cell voltage predicted at 25°C. Express
your answer to 2 significant figures.

Design and discuss

12 Design an evidence-based analysis and

\ ZnSO 4 \ CusSO,  J . .
conclusion for the data presented in
FIGURE 1 Electrochemical cell set-up for the Table 1 and the visual representation from

temperature—voltage practical investigation Ques tion 11e

13 Design a risk assessment for the practical
investigation in Question 11.

TABLE 1 Results of the practical investigation

Temperature (°C)
0 0.91 0.90 0.91 0.87 0.89
0.91 0.94 0.90 0.95 0.93
15 0.83 0.85 0.86 0.83 0.86
22 0.84 0.85 0.82 0.86 0.85
54 0.85 0.82 0.78 0.85 0.84

You can find the following resources for this section in your obook pro:

Quizlet @ Chapter quiz
Compete in teams or against yourself to test your knowledge. Test your understanding of Key Knowledge in this chapter.
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Unit 3 Overview

In Unit 3 of VCE Chemistry, you will explore chemical reactions that produce energy and materials, how they are
measured, the factors that influence reaction rates and extent, and how these processes can be optimised to
improve their efficiency, safety and sustainability.

Unit 3 Areas of Study

The learning for this unit has been divided into two Areas of Study. The table below shows how each Area of Study
aligns with the chapters in this book and lists the page numbers for each chapter.

Area of Study Chapter Pages
Area of Study 1 Chapter 2 Carbon-based fuels 52-89
What are the current and future Chapter 3 Measuring changes in chemical reactions 90-117
options for supplying energy? Chapter 4 Primary galvanic cells and fuel cells | 118-157
Unit 3 Area of Study 1 Checkpoint 158-161
Area of Study 2 Chapter 5 Rates of chemical reactions 162-181
How can the rate and yield of Chapter 6 Extent of chemical reactions 182-213
chemical reactions be optimised? Chapter 7 Production of chemicals using electrolysis =~ 214-243
Unit 3 Area of Study 2 Checkpoint 244-247

Tia AR LU

Unit 3 Outcomes

In this unit, you will:

— compare fuels quantitatively with reference to combustion products and energy outputs, apply knowledge
of the electrochemical series to design, construct and test primary cells and fuel cells, and evaluate the
sustainability of electrochemical cells in producing energy for society

— experimentally analyse chemical systems to predict how the rate and extent of chemical reactions can be
optimised, explain how electrolysis is involved in the production of chemicals, and evaluate the sustainability
of electrolytic processes in producing useful materials for society.

Source: VCE Chemistry Study Design (2023-2027) reproduced by permission © VCAA
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Carbon-based fuels

CHAPTER

the definition of a fuel, including the distinction between fossil fuels (coal, natural
gas, petrol) and biofuels (biogas, bioethanol, biodiesel) with reference to their
renewability (ability of a resource to be replaced by natural processes within a
relatively short period of time)
fuel sources for the body measured in kJ g!': carbohydrates, proteins and lipids (fats
and oils)
photosynthesis as the process that converts light energy into chemical energy and as
a source of glucose and oxygen for respiration in living things:

6CO,(g) + 6H,0(0) - C.H O (aq) + 60,(g)
oxidation of glucose as the primary carbohydrate energy source including the
balanced equation for cellular respiration:

CH, ,0,(aq) + 60,(g) = 6CO,(g) + 6H,O)
production of bioethanol by the fermentation of glucose:

CH 0, (aq) - 2C H,OH() + 2CO,(g)

and subsequent distillation to produce a more sustainable transport fuel

|

comparison of exothermic and endothermic reactions, with reference to bond "‘ |
making and bond breaking, including enthalpy changes (AH) measured in kJ, molar
enthalpy changes measured in kJmol™ and enthalpy changes for mixtures measured
in kJ g7! and their representations in energy profile diagrams

determination of limiting reactants or reagents in chemical reactions

combustion (complete and incomplete) reactions of fuels as exothermic reactions:
the writing of balanced thermochemical equations, including states, for the
complete and incomplete combustion of organic molecules using experimental data

and data tables.
Source: VCE Chemistry Study Design (2023—-2027) reproduced by permission © VCAA
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GROUNDWORK

In Chapter 2, you will learn about the different types of carbon-based fuels and
their renewability. You will also explore the reactions involved in the production
and combustion of these fuels.

This chapter will build on concepts you have already learnt in Units 1 and 2,
and Year 7-10 Science. So, before you begin the chapter, test yourself on the
following questions to make sure you remember the basics.

2A List the three different forms of 2C Explain what a fossil fuel is.

energy.

2C Groundwork resource

@\ 2A Groundwork resource Fossil fuels
Energy

2B Explain what the term exothermic
means.

,& 2B Groundwork resource
= Exothermic reactions
.‘ j“
PRACTICALS : :

2.1 Could we replace fossil fuels with biofuels

PRACTICAL: in Australia?
LITERATURE REVIEW

Page 502

2.8 What is the energy content of three liquid @

PRACTICAL: fuels?
CONTROLLED EXPERIMENT
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fuel

a substance that
reacts to produce
heat energy

combustion
areaction with
oxygen that produces
carbon dioxide, water
and heat energy

renewable
replenishable by
natural processes
in a relatively short
amount of time

fossil fuel
anon-renewable
fuel, such as coal,
crude oil and natural
gas, obtained from
decomposed organic
matter that has been
compressed under
heat and pressure
for millions of years
underground

non-renewable
takes a very long time
to form; is used more
quickly than it can be
produced

biofuel
fuels produced from
plants

petrodiesel
diesel fuel obtained
from crude oil;

a fossil fuel

The renewability of fuels

KEY IDEAS
In this topic, you will learn that:

oxygen in the air) to produce useful energy
as coal, oil and natural gas

within a relatively short period of time.

+ afuelis a substance that can be reacted with another substance (e.g. combusted with
+ fossil fuels are non-renewable mixtures of hydrocarbons extracted from the ground, such

+ biofuels are renewable fuels made from plants that can be replaced by natural processes

A fuel is a substance that provides heat energy when it is

reacted with another substance. Fuels include petrol, diesel,

propane, methanol, coal, wood and biodiesel. They are usually

compounds of carbon, hydrogen and sometimes oxygen.
Combustion reactions between these compounds and

oxygen in the air release heat (or thermal) energy, which can

be harnessed in an engine for useful work, such as to turn

the wheels of a road vehicle or the turbine of an aeroplane.

All combustion reactions of fuels are considered exothermic,

because they release heat energy.

Renewability of fuels

Fuels are defined as renewable when they can be replaced
by natural processes within a relatively short period of time.
Fossil fuels such as coal, oil and natural gas are therefore
non-renewable because they take millions of years to form.
Biofuels are renewable because they are made from plant
material, which can be regrown in a matter of years or less.

Fossil fuels

As phytoplankton and tiny marine animals die, they sink

to the ocean floor and become compressed over millions of
years by the pressure of the ocean above (Figure 1), forming
oil and gas. Many large fossil fuel deposits we know of today
formed underwater many hundreds of millions of years ago.
Central Australia’s large oil deposits formed when the area was
submerged under ocean during the Cretaceous period, around
100 million years ago, and they are an important source of
petrodiesel today.

Coal is formed by plants that grow on land, die and decay,
and then turn into peat; the peat turns into coal over millions
of years. Fossil-based hydrocarbon fuels (made up of hydrogen
and carbon molecules) are therefore not considered to be

ar
N

Plant matter build>

Trees and plants fall
into swamps.

up underwater.

Plant matter rots under
water and sediment,

forming peat.

With pressure and heat,

coal is formed.

FIGURE 1 The formation of
fossil fuels, such as coal, takes
millions of years.

renewable. We use them at a much faster rate than we can
replace them.
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2.1

Could we replace fossil fuels with biofuels
in Australia? Go to page 502.

PRACTICAL:
LITERATURE REVIEW

Biofuels

Biofuels are renewable because they are made from easily regenerable organic substances like
plants. Fast-growing plant species which produce high yields are specifically grown for the
purpose of biofuel production. Selected plants also efficiently convert energy from the Sun’s
light into chemical energy. The plants’ chemical energy can then be converted to chemical

—O.

Chemical energy

energy in the fuel.

CH,0H
H Qu

H

OH H
HO OH

H OH

Chemical energy

Light energy

FIGURE 2 The energy transfers that occur in biofuel production

Let’s explore three types of biofuels: biogas, bioethanol and biodiesel.
Biogas
Biogas is a mixture of gases, including methane, carbon dioxide and other gases. It is
produced by the anaerobic fermentation of vegetable waste by bacteria. Biogas reactors work in
a very similar way to vegetable composters, except that the gas is collected in a storage tank.
As biogas contains significant amounts of carbon dioxide and other impurities that could
damage engines, it is commonly combusted for heating and tends to be used on-site (e.g. at a
farm) instead of being sold on the open market. The advantages of using biogas are:
* being made from plants, biogas is renewable and reduces our reliance on fossil fuels
e collecting and combusting biogas results in lower greenhouse gas emissions than allowing
the methane, which is a powerful greenhouse gas, to escape to the atmosphere.

Bioethanol

Bioethanol is ethanol produced from the anaerobic fermentation of glucose by enzymes
according to the following equation:
CH ,0,(aq) - 2CH,CH,0OH() + 2CO,(g)

The glucose used in this reaction is
sourced from plants. It can therefore
be replaced by natural processes within
a relatively short period of time and is
considered renewable.

When ethanol is mixed with petrol to
give a final concentration of no more than
10%, it can be used in almost all petrol
engines. This fuel is called E10 and can
help slightly decrease our reliance on fossil
fuels. The production, advantages and
disadvantages of bioethanol are explored in

more detail in Topic 2.5.

FIGURE 3 The E10 petrol offered at petrol stations
contains up to 10% ethanol.

OXFORD UNIVERSITY PRESS

yield

the total amount of
product formed from
a chemical reaction

biogas

a fuel consisting

of a blend of

gases including
methane and carbon
dioxide, produced

by the anaerobic
fermentation of plant
waste in a biogas
reactor vessel

bioethanol

ethanol produced by
the fermentation of
sugars (e.g. glucose)
by yeast enzymes,
then distilled to a high
enough purity (>95%)
tobeusedinan
internal combustion
engine

enzyme
a protein-based
substance produced
by living organisms;
speeds up chemical
reactions

E10

afuel blend of up to
10% bioethanol and
90% or more of petrol
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biodiesel
arenewable fuel
consisting of a
mixture of fatty
acid methyl esters
produced by the
transesterification
reaction between
plant oils and
methanol or ethanol

B20

afuel blend of less
than 20% biodiesel
and more than 80%
petrodiesel

Biodiesel

Biodiesels are a blend of fatty acids that have been synthesised via a transesterification
reaction from compounds found in plant oils called triglycerides. The equation for the
formation of biodiesel is shown below. You will learn about this reaction in greater detail
in Chapter 9.

Qils from canola, corn, soybean, grapeseed, and sunflower are just some of the common
sources of biodiesels.

O O

I I
CH,—0—C—R CH,—0—C—R CH,—OH

0 Catalyst O

(acid/alkaline) | |

CH—0—C—R + 3CH,0H

(@) (@)
I I
CH,—O0—C—R CH,—O0—C—R CH,—OH
Triglyceride Alcohol Fatty acid ester Glycerol
in fat/oil (e.g. methanol) (biodiesel)

FIGURE 4 Biodiesel is produced by a transesterification reaction.

Biodiesel offers two main advantages over petrodiesel (from fossil fuels). Biodiesel is
made from plant material and is therefore considered renewable. The plant material can be
replenished in a relatively short period of time. As biodiesel is made from plant oils, it also
helps reduce our reliance on fossil fuels.

The properties of biodiesels are slightly different to those of petrodiesel. Biodiesel is more
viscous, has a slightly lower energy content and has a much higher melting point. This can
make it unsuitable for use in cold climates because it can ‘gel’ or even freeze during cold
weather, and damage engines. For these reasons, biodiesel is usually blended into existing
petrodiesel fuel at concentrations of no more than 20% to avoid engine modifications. This
results in a fuel called B20.

FIGURE 5 Sunflower oil is a common source of biodiesel.




e
2.1 REAL-WORLD CHEMISTRY
Biofuels in Brazil

Climate, fertile land and government policies
favouring biofuel usage have made Brazil the

world’s leading exporter of bioethanol. Domestic
consumption of bioethanol in Brazil is also very high
due to government policies implemented since the
1970s that encouraged the production and usage of
bioethanol in cars. Here, sugar cane is used as the
primary raw material for the synthesis of bioethanol.

Apply your understanding
1 List two advantages of adding bioethanol to petrol.

2 Suggest two reasons why other countries may
be unable to compete with Brazil at producing

bioethanol.
3 Suggest two disadvantages of bioethanol FIGURE 6 Sugar cane and ethanol
production using sugar cane in Brazil. mill in Brazil

2.1 CHECK YOUR LEARNING @ @

Describe and explain 5 Summarise the differences between biodiesel and

1 Define the term fuel. petrodiesel.

2 Describe the process of producing biogas. ] .
_ _ . Design and discuss

3 Outline one advantage of using biodiesel over

6 Discuss any advantages that are common to all

petrodiesel. ) ) ; ) .
three biofuels described in this section.
Apply, analyse and compare 7 Discuss any disadvantages that are common to
4 Distinguish between fossil fuels and biofuels. all three biofuels described in this section.
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macronutrient
type of nutrient
needed by the body
in large amounts;
macromolecules that
provide energy to
the body

carbohydrate
amacronutrient
consisting of one or
more sugar units

protein
amacronutrient
consisting of a chain
of amino acids

lipid
amacronutrient
that has a very low
solubility in water

energy content
the total energy
released when
nutrient molecules
are combusted,
which can be used by
the body

saccharides
sugars

polysaccharides
long-chain molecules
made up of multiple
saccharides
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Fuel sources for the body

KEY IDEAS
In this topic, you will learn that:

+ carbohydrates, proteins and lipids (fats and oils) are fuel sources for the human body
+ fuel sources for the body are measured in kJg™.

Carbohydrates, proteins and lipids

Our bodies require nutrition in the form of macronutrients such as carbohydrates,
proteins and lipids, as well as other substances. These large molecules (macromolecules)
must first be broken down by the digestive system before they can be used by the body’s cells.
Macronutrients mainly consist of carbon, hydrogen, oxygen and nitrogen.

/% = “\*

b

Fats

Proteins

Carbohydrates

FIGURE 1 Common dietary sources of the three macromolecules: carbohydrates, proteins and fats

In our bodies, cellular respiration combines these nutrients with oxygen to release energy
in an exothermic process. You will learn more about this process in Topic 2.4. This energy is
essential for metabolic functions in the body. Each of the macronutrients provides different
amounts of energy per gram ingested.

When a macronutrient is combusted, a certain amount of energy is released. The total
energy available to be used by the body is always slightly lower than what is released by
combustion. This is because the body’s enzymatic processes are not able to completely oxidise
and absorb all nutrients. Energy content is the amount of energy a macronutrient provides
that can be used by the body.

Carbohydrates

Carbohydrates are found in a range of different foods. They have a variety of roles in living
organisms, including energy storage and as building blocks for cells. Carbohydrates are made
from sugar units or monomers, called saccharides. Large carbohydrates that consist of more
than three saccharides are called polysaccharides. Carbohydrates such as glucose, sucrose
and starch have varying energy contents per gram. Of the approximately 17k]J g™ that could
be obtained from combusting carbohydrates, around 16kJg™! can be recovered by the body’s
metabolic processes. The energy content of carbohydrates is therefore 16 k] g,
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Carbohydrase

Digestion ° °
—_—
Starch molecule Sugar molecules

FIGURE 2 During digestion, the polysaccharide starch is broken down into smaller sugars by carbohydrases
(enzymes that break down carbohydrates).

Explore the properties of a class of carbohydrates called steviol glycosides in Real-world
chemistry 2.2.

2.2 REAL-WORLD CHEMISTRY

Steviol glycosides in fizzy drinks

Over the last decade, consumer demand for low-calorie sweeteners has increased. These sweeteners have
primarily been derived from plant sources. Steviol glycosides, one of the most popular sweeteners, are
extracted from the Stevia rebaudiana plant, commonly known as sweetleaf or candyleaf.

Steviol glycosides (also listed as additive 960) provide a similar energy content to digestible sugars such
as glucose and sucrose, but taste up to 300 times sweeter. This allows manufacturers to achieve the desired
level of sweetness in food using very little sweetener. Steviol glycosides are an approved food additive in
almost all countries and are generally recognised as safe for consumption by children and adults.

Apply your understanding

1 Research the ingredients of two popular sweetened beverages such as cola and lemonade. List the
sweeteners in the drink.

2 Research the ingredients of one popular low-calorie beverage such as cola or lemonade. Compare the
sweeteners in this drink with the sweeteners in the regular drink from Question 1.

Proteins

Proteins are long chains of amino acids. They are required for growth and repair of body amino acid
tissues. Proteins can also be metabolised to produce useful energy if excessive amounts a small organic

are ingested or, more commonly, when lipid or carbohydrate reserves are severely low. Egnmtz(i):sn: Xv,\:],fhand
The process of extracting energy from proteins is less efficient than that for carbohydrates. _COOH functional

Approximately 24kJ g is produced during combustion of a protein, but only around 17kJ g™! group

can be used by the body.

Prot\ease ° o
00000 = 0O

Protein molecule Amino acid molecules

FIGURE 3 During digestion, protein molecules are broken down into amino acids by proteases (enzymes that
break down proteins).
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Lipids

Lipids are important building blocks of all living cells. They are a primary component of the
cell membrane and are involved in a range of functions such as hormone regulation, nervous
system function and energy storage. Examples include cholesterol and triglycerides. Lipids
are characterised by their poor water solubility, but high solubility in organic solvents. They
are categorised broadly as either fats or oils, depending on their state at 25°C. Fats are usually
made by animals and are commonly solid at 25°C. Oils are usually made by plants and are
liquid at 25°C. Despite their differing sources, fats and oils are chemically very similar to each
other. When combusted, the energy released from lipids is 39 k] g~!, while the energy content
is approximately 37kJ g

Lipase \
/ ‘ —
Digestion / i \
Lipid molecules Fatty acid and

glycerol molecules

FIGURE 4 During digestion, lipid molecules are broken down into fatty acids and glycerol by lipases (enzymes that
break down lipids).

Oxidation of nutrients to produce energy

The products of digestion can be oxidised by the body’s cells to produce energy or to be stored
for later energy use. The equation for the complete oxidation of a nutrient such as glucose or a

fatty acid is the same as that for the combustion of that substance. When writing the equation,
the carbon atoms should be balanced first, followed by hydrogen and, finally, oxygen.

For example:
CH,(CH,) ,COOH + 230, = 16CO, + 16H,0
palmitic acid + oxygen — carbon dioxide gas + water

Energy content from bagels

Calculate the energy content per 100 g of sesame bagels, in k], given that each 105g
sesame bagel contains 11.0g of protein, 7.5 g of fat and 22.5g of carbohydrate.
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2.2 WORKED EXAMPLE

CHECKING THE ENERGY CONTENT ON NUTRITION LABELS

Nutrition labels should provide accurate information about the energy content in food provided by

carbohydrates, fats and proteins. Here is a simplified nutrition label for a 100 g serving of muesli:

Energy content: 1728K]J
Carbohydrates: 57.8g
Sodium: 124.4mg
Calculate the amount of energy, in k], provided by:
a the fat content in 100 g muesli
b the carbohydrate content in 100 g muesli
¢ the protein content in 100 g muesli.

Think

Fat: 13.1¢g
Protein: 12.0g

! Do

Step 1: Write down the available energy for each macronutrient Lipids: 37kJ g™

type.

Step 2: Calculate the amount of energy provided by the fat
content by multiplying the grams of fat in the sample by the
energy content of fat.

Step 3: Calculate the amount of energy provided by the

Carbohydrates: 16kJg!
Proteins: 17kJg!
a 13.1gx37kJg™' = 485K] (3 sig fig)

b 57.8gx 16kg™ = 925Kk] (3 sig fig)

carbohydrate content by multiplying the grams of carbohydrate in

the sample by the energy content of carbohydrates.

Step 4: Calculate the amount of energy provided by the protein c 12.0gx 17kJg™ = 204K]

content by multiplying the grams of protein in the sample by the ~ 200K] or 2.0 x 10 (2 sig fig)

energy content of proteins.

2.2 CHECK YOUR LEARNING

Describe and explain
1 State the energy content, in kJ g™!, for the
following macronutrients.
a Carbohydrates
b Proteins
c Fats

Apply, analyse and compare

2 Compare the difference between energy content
and energy released on combustion.

3 Write a chemical reaction equation for the
complete oxidation of linoleic acid.

4 Calculate the mass of fat contained within one
170 g avocado using the following nutritional
information.

OXFORD UNIVERSITY PRESS

Value per 100 g of avocado (g)

Fat 15.0
Carbohydrate 9.0
Protein 2.0

5 Using the nutritional information from Question 4,
calculate the total amount of energy provided to
the human body by eating one 170g avocado.

Design and discuss

6 The energy content values (in kJg™!) of
carbohydrates, proteins and lipids are
approximate because different types of
carbohydrates, proteins and lipids have slightly
different energy content values. Suggest one
reason why different types of lipids may have
different energy content values.
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Photosynthesis

KEY IDEAS
In this topic, you will learn that:
+ photosynthesis is the process that converts light energy into chemical energy
+ the chemical equation for photosynthesis is:
6CO,(g) + 6H,0() — C,H,,0,(aq) + 60,(g)

6 12

Photosynthesis

chloroplast Plants and other organisms that contain chloroplasts can obtain energy by capturing

Fh? Str“lclt“,re 'T], . carbon dioxide from the atmosphere and converting it into the carbohydrate glucose. These
Iving cells In whic . . . .

photgosynthesis organisms can then use chemical energy from glucose for their metabolic processes. Glucose

occurs can be further modified to make a wide variety of other molecules required by the plant or
organism for its survival. The reaction that facilitates the conversion of light energy into

photosynthesis chemical energy is called photosynthesis.
the processin

whichlightenergy — Energy conversions in photosynthesis

is converted to
chemical energy Photosynthesis is an endothermic reaction because it requires the absorption of light energy

from the Sun. This is then converted into chemical energy by the plant’s highly specialised
enzymes (specific proteins that facilitate and speed up reactions). The enzymes capture
carbon dioxide and convert it into glucose. Since photosynthesis relies on light energy, plants
cannot capture carbon dioxide at night, or in the dark. Plants obtain energy at night via
cellular respiration.

Chemical equation for photosynthesis

The reactants of photosynthesis are carbon dioxide, water and sunlight and the products are
glucose and oxygen. The reaction is described using the following chemical equation:

6CO,(g) + 6H,O(1) — C . H ,0 (aq) + 60,(g)
carbon dioxide + water — glucose + oxygen

A/ \4
< > Oxygen
A A (released into air)

Energy
(absorbed from Sun)

Glucose
(used by plants)

Carbon dioxide
(from air)

Water
(from soil)

FIGURE 1 Photosynthesis occurs in the chloroplasts (green).

FIGURE 2 The reactants and products of photosynthesis
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Efficiency of photosynthesis

Photosynthesis is not a very efficient process. In a typical crop plant (e.g.

wheat), less than 1% of the energy from incoming sunlight is captured and

used successfully by the plant’s enzymes, and converted into chemical energy

as glucose. For a non-crop plant, the efficiency can be around 0.2%. The

highest energy conversion efficiencies have been observed in sugar cane and
pineapples at around 3—4%. However, this is still much lower than the energy
conversion efficiencies in non-living systems such as internal combustion engines
(~40%), LED lights (~85%), and even photovoltaic cells (solar panels, ~15%).

Factors affecting the rate of photosynthesis

.. . . C . . . FIGURE 3
The rate of photosynthesis is largely determined by three factors. The first is light intensity. Photosynthesis
More incoming light increases the rate of photosynthesis. However, the rate plateaus in converts light energy
abundant sunlight. The second factor is carbon dioxide concentration. Like light intensity, from the Sun into

chemical energy that

a higher concentration of atmospheric carbon dioxide increases the rate at which plants can
can be used by plants.

photosynthesise, but the rate plateaus once carbon dioxide is no longer a limiting factor. Finally,
the rate of photosynthesis is at a maximum when the temperature is optimal (~20-25°C).

2.3 SKILL DRILL

Evaluating the ethics of genetically Practise your skills

modifying crops 1 Suggest one advantage of improving the

) . photosynthetic efficiency of rice crops.
Key science skill: Analyse, evaluate and

. e epe s 2 In addition to plant genetics, list two other
communicate scientific ideas

o ) o factors that can affect the rate of efficiency of
Realizing Increased Photosynthetic Efficiency .
‘ ] ) ) photosynthesis.

(RIPE) is an international research project that
aims to increase the efficiency of photosynthesis

using genetic engineering. RIPE’s research teams

3 Genetically modified organisms are often
discussed in ethical debates. Research the

. e . advantages and disadvantages of geneticall

look for genetic modifications that can improve the . .g . g g Y

.. . modifying plants and discuss whether you

efficiency of natural photosynthesis, then transfer

these genes into cowpea, cassava, rice, and soybean

crops. If successful, RIPE could make genetic

believe improving the photosynthetic efficiency

of rice crops is justified.

Need help analysing, evaluating or
communicating scientific ideas? See Topics 1.8-1.10
(pages 24-31).

2.3 CHECK YOUR LEARNING @ ﬁpi

modifications to existing crops to make them grow
faster and produce more food.

Describe and explain Apply, analyse and compare
1 Write a balanced chemical equation for 4 Compare the photosynthetic efficiency of rice,
photosynthesis in plants. grass and pineapples.

2 List three factors that affect the rate of

- Design and discuss
photosynthesis in plants.

5 Suggest why the photosynthetic efficiencies of
food crops such as wheat are generally higher
than of non-food plants such as pine trees.

3 Explain whether photosynthesis is an
endothermic or exothermic reaction.
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adenosine
triphosphate
(ATP)

the organic molecule
that provides
energy for metabolic
processes in an
organism

cellular
respiration

a combustion
reaction in which
nutrient molecules
react with oxygen to
produce energy

aerobic
respiration
cellular respiration
in the presence

of oxygen

anaerobic
fermentation
cellular respiration
in the absence

of oxygen

monosaccharides
molecules made

up of single
saccharide units
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Oxidation of glucose

KEY IDEAS
In this topic, you will learn that:

+ glucose is the main carbohydrate used as an energy source by plants and animals
+ the balanced equation for cellular respiration is:
C¢H,,04(aq) +60,(g) — 6CO,(g) + 6H,0(1)

Cellular respiration in plants and animals

Glucose is used by plants and animals as a source of chemical energy, or fuel. Once glucose

has been obtained or synthesised, a series of reactions occurs to produce chemical energy in

the form of adenosine triphosphate (ATP). This process is called cellular respiration.
There are two types of cellular respiration:

e Aerobic respiration — requires oxygen and yields a high amount of energy in the form
of ATP.

* Anaerobic fermentation — does not require oxygen and yields less ATP than aerobic
respiration.

You will learn about anaerobic fermentation in the next topic.

Aerobic cellular respiration

Glucose can be oxidised by specialised enzymes in plants or animals to produce carbon
dioxide and water and release energy in the form of ATT. This process is aerobic respiration,
which follows the following equation:

CH ,0,(aq) + 60,(g) - 6CO,(g) + 6H,0()
glucose + oxygen — carbon dioxide + water

The equation for aerobic respiration of glucose is the same as the equation for the
complete combustion of glucose at standard laboratory conditions.

Plants can also convert glucose into other monosaccharides such as fructose and
galactose. Glucose, fructose and galactose are structural isomers of each other — they all
have the same molecular formula (C_H,,0,) but different structural formulas. All three
monosaccharides are found in plants.

CH,0H CH,0H
(6]
o CH,0H OH o
H H HO OH
H H
OH H H\H HO CH,OH OH H
HO | OH H | H
H OH OH H H OH
Glucose Fructose Galactose

FIGURE 1 Glucose, fructose and galactose are all found in plants.
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Long-term energy stores

Glucose can be stored long-term in polymers; for example, as starch in plants and as

starch
the stored form of

glycogen in animals. Both starch and glycogen act as energy reserves that can be broken glucose in plants

down (by water, in a hydrolysis reaction) to produce glucose monomers. You will learn about

hydrolysis reactions in Chapter 9. Under normal conditions, neither starch nor glycogen are

particularly soluble in water.

Glycogen

glycogen
the stored form of
glucose in animals

Animals store excess glucose as glycogen in the muscles and liver. Glycogen is a highly

branched polymer made from glucose monomers. When the presence of glucose is low,

glycogen can be converted back into glucose monomers.

Starch

Plants store excess glucose as starch, which is a polymer of glucose. Like glycogen in animals,

starches are also formed by polymerisation reactions of glucose monomers and can be broken

back down into glucose monomers.

There are two types of starch: amylose and amylopectin. Both are found in plants, amylose
but only amylopectin is digestible by humans due to its highly branched structure. Humans a type of plant starch

digest amylose much more slowly than amylopectin. This is because the straight structure

thatis linear in
structure

of amylose makes it more difficult for the amylase enzyme to break the bonds holding the

molecule together.

amylopectin
a type of plant starch

Compare how different starches increase blood glucose levels to different extents in that is branched in

Challenge 2.4.

2.4 Challenge !
Find me in your
\ obook pro
Study tip
You do not need
to remember the
chemical structures
of glucose, glycogen

Amylose

FIGURE 2 The two forms of starch: amylose and amylopectin

structure

and starch - they are
Amylopectin provided to you in the
data book.

TABLE 1 Comparison of the properties of the starches: amylose and amylopectin

Amslopeorin

Structure Straight-chain polymer of a-glucose | Branched-chain polymer of
units a-glucose units
Digestion Digested slowly by humans because | Digested more readily by humans

the starch chains are straight — there
is very little branching

because the starch chains are more
branched

Solubility in water

Less soluble than amylopectin

More soluble than amylose

Contribution to total

starch in plants

OXFORD UNIVERSITY PRESS

~25% (but this varies)

~75% (but this varies)
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2.4 REAL-WORLD CHEMISTRY
Amylomaize, a type of high-amylose corn

Amylomaize is a variety of corn plant that contains

a gene that gives it an unusually high proportion of
amylose starch compared to amylopectin starch. While
other corn varieties have around 25% amylose starch
and 75% amylopectin starch, amylomaize contains
50-94% amylose. This changes both the texture and the
nutritional properties of the corn.

=r o

-
.
-
LN

/g

The amylomaize starch can also be made into
an edible bioplastic film for wrapping food items.
Astronauts on the Apollo missions in the late 1960s and
early 1970s took food wrapped in amylomaize bioplastic
film to prevent crumbs from floating off and damaging
spacecraft equipment.

FIGURE 3 Amylomaize

Apply your understanding

1 Suggest two properties of amylomaize bioplastic that make it suitable as an edible food packaging
material.

2 Suggest one potential health benefit of eating amylomaize instead of traditional maize.

2.4 CHECK YOUR LEARNING @

Describe and explain Apply, analyse and compare

1 Identify the type of energy produced from the 4 Compare the structure of amylose and
aerobic cellular respiration reaction. amylopectin.

2 Write the balanced chemical equation for aerobic 5 Explain why humans digest amylose more slowly
cellular respiration in human cells. than amylopectin.

3 List three monosaccharides with the chemical
formula C.H,O,.

FIGURE 4 Foods like
fresh pasta are rich in
amylopectin.

OXFORD UNIVERSITY PRESS



Study tip

Combustion of

any fuel, including
bioethanol, produces
water vapour as a
product. Water vapour
is a greenhouse gas.
Unlike the emission
of carbon dioxide, the
emission of water
vapour is not a major
concern because the
water vapour quickly
condenses to liquid
when it rains.

Plant and
grow Ccrops

Producing bioethanol

KEY IDEAS
In this topic, you will learn that:
+ bioethanolis produced by the fermentation of glucose extracted from plants:

C.H,,0,(aq) - 2C,H.OH() + 2C0,(g)

6 1276

+ bioethanol must be distilled to a high purity before it can be used as a transportation fuel in
combustion engines

+ bioethanol is renewable and can help reduce our reliance on fossil fuels, but it also uses
farmland and water that could otherwise be used for food production.

Anaerobic fermentation

In Topic 2.4, you learnt about the oxidation of glucose in aerobic cellular respiration. The
other form of cellular respiration is called anaerobic fermentation, where glucose is broken
down to produce energy in the absence of oxygen.

In plants and yeasts, glucose can be broken down to produce ethanol and carbon dioxide
in the absence of oxygen. This reaction releases chemical energy, and is shown below:

CH,,0, (aq) — 2C,H.OH(l) + 2CO,(g)

1 glucose — 2 ethanol + 2 carbon dioxide

The production of ethanol and carbon dioxide from fermentation has been used by
humans for thousands of years to make products including bread and beer. It is now also
being used to produce ethanol naturally, which can be used as a fuel.

Producing bioethanol

Bioethanol, C,H,OH(l), is a renewable substitute for petrol derived from the fermentation of

plants. Bioethanol has several advantages over petrol derived from fossil fuels:

* Renewability — the plants required to produce bioethanol can be replenished in a
relatively short period of time.

Decreased dependence on fossil fuels — bioethanol can be produced locally and in
small batches, which reduces our dependence on fossil fuels.

* Lower carbon dioxide gas emissions — it is relatively carbon neutral. The plants
required to produce bioethanol capture carbon dioxide gas from the atmosphere via
photosynthesis as they grow. The overall carbon dioxide gas emissions resulting from the
production and combustion of bioethanol (or the ‘life cycle’) can therefore be lower than
those produced by using petrol from fossil fuel sources.

The production of bioethanol is summarised in the flowchart below.

Process plant
material to
release glucose

Distill ethanol
to increase purity

Blend ethanol
with petrol

Ferment glucose
into ethanol

FIGURE 1 The production of bioethanol
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Obtaining glucose for bioethanol production

To produce bioethanol, plants — the sources of glucose — need to be grown. Ideally, plants
should grow quickly, with high photosynthetic efficiency, and produce large amounts of
glucose with minimal resources.

In cold regions, sugar beet or corn are usually preferred. One example is the USA, where
corn is grown for bioethanol production. In warmer regions, like Brazil, it is usually sugar
cane. Of the three plants, sugar cane yields the most fermentable glucose, but it does not grow
well in cold areas.

Mechanical processing releases some of the sugars from the plant into aqueous solution.
However, much of the glucose is stored as polysaccharides, such as cellulose, hemicellulose
and lignin, in the plant cell walls. These cell wall polysaccharides can be broken down into an
aqueous mixture of fermentable glucose.

b

FIGURE 2 Biomass sources for bioethanol production: a sugar beet, b corn and ¢ sugar cane

bioethanol
ethanol produced
from plants

Fermenting glucose into ethanol

Once the mixture of glucose has been obtained, the glucose is fermented anaerobically (in the
absence of oxygen) by yeast enzymes to produce ethanol and carbon dioxide gas.

This process is very similar to the fermentation reactions used in the production of bread
and wine. In breadmaking, the desired product is carbon dioxide gas. This forms bubbles in
the dough before it sets in the heat of the oven, giving the pleasant, spongy texture of leavened
bread. The ethanol in breadmaking evaporates in the heat of the oven. In winemaking, the
desired product of this same reaction is ethanol, the active ingredient in wine.

Distilling to high purity

Before ethanol is used as a fuel, it must be purified to remove almost all of the water from
the ethanol mixture. This is done by distillation, which separates mixtures of liquids by their
different boiling points. Water boils at 100°C but ethanol boils at just 78°C. By heating the
mixture to slightly above 78°C, it is possible to evaporate the ethanol but not the water. The
ethanol gas can then be condensed and collected in a separate container at a high purity. The
purified ethanol produced from plants is called bioethanol.

Adding ethanol to petrol

Pure bioethanol damages petrol engines, so bioethanol is usually added to petrol at a low
concentration — typically less than 10%. The resulting 90% petrol + 10% bioethanol mixture
is sold in Australia as E10 fuel and is available at petrol stations. This can be added to a petrol
engine without causing damage. Even though the bioethanol content of E10 fuel is only 10%,
using E10 can help to reduce our reliance on fossil fuels slightly.
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TABLE 1 Comparing bioethanol with petrol

Approximate global
“ production (2020)

Petrol Higher energy *  Non-renewable 4.4 trillion litres/year
content * Requires fossil fuels
* Cheap petrolcan  « Releases carbon dioxide,
lower food prices, a greenhouse gas

alleviating poverty
Bioethanol *  Renewable * Lower energy content 100 billion litres/year

e Canbeproduced + Bioethanol production

in places without canteaiScHoOCIPLICCSINNNIINNN
access to by competing with @ 2.5 Skill drill N‘:
fossil fuels agriculture for land Find me in your |
and resources :\ obook pro ,:
Practise writing balanced equations for combustion reactions in Skill drill 2.5, then apply _oamnzamaaamasa a
your understanding of intermolecular forces to the properties of petrol and bioethanol in zfexztl;world E
Real-world chemistry 2.5 and Challenge 2.5. ’ E
i
i

: Find me in your
' obook pro

\ o ’
(PSPt S S R S

Why is ethanol soluble in both water and petrol?

Water is a polar substance that dissolves polar solutes such as sugar. Petrol is a non-

polar substance that dissolves non-polar solutes such as hexane. Surprisingly, ethanol

dissolves in water and in petrol. In terms of the intermolecular bonds, answer the

following questions.

1 Explain how ethanol can dissolve in water. Include a labelled diagram in your
answer.

2 Explain how ethanol can dissolve in petrol.

3 Explain whether you would expect the solubility of ethanol to be higher in petrol or
1n water.

2.5 CHECK YOUR LEARNING % @

Describe and explain 5 Suggest how the polysaccharides in Question 4

1 Explain what E10 fuel is. can be broken down into glucose for fermentation
2 Explain what determines whether a region into ethanol.
will grow sugar cane or corn for bioethanol

ducti Design and discuss
production.

6 Design a distillation process that would allow the

3 Write a balanced chemical equation, including o )
purification of bioethanol.

states, for the fermentation of glucose into
ethanol and carbon dioxide.

Apply, analyse and compare

4 A number of the carbohydrates in plants are
present as polymers in the cell walls. List some of
the other polysaccharides.
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Comparing exothermic and

endothermic reactions

KEY IDEAS
In this topic, you will learn that:

+ energy is required to break chemical bonds and energy is released when forming new
chemical bonds

+ endothermic reactions absorb heat energy from the environment, reducing temperature;
and exothermic reactions release heat energy into the environment, increasing temperature

+ enthalpy changes following the combustion of pure substances can be measured as AHin
kJmol?, and enthalpy changes of mixtures can be measured in kJg™.

Chemical reactions involve the breaking and forming of chemical bonds. Energy stored
chemical energy within the chemical bonds of substances is called chemical energy. Energy is absorbed
energy stored within when bonds are broken and released when bonds are formed. The net amount of energy
chemical bonds . . . . . .. .

required and released during the chemical reaction can be either positive or negative. When

fuels combust, they release energy (usually in the form of heat) that can be harnessed and

used for different purposes.

FIGURE 1 The relationship between energy and the breaking and forming of bonds — this reaction is the
combustion of methane.

Endothermic and exothermic reactions

system In a chemical reaction, an energy transfer occurs between the system (the bonds being
the chemical bonds broken and formed in the chemical reaction) and the surroundings (the environment in
holding together each
reactant and product
molecule

which the reaction takes place). For example, in the fermentation reaction of glucose:
CH 0 ,(aq) » 2C, H,OH() + 2CO,(g)

surroundings ¢ the system is the covalent chemical bonds in the reactants that are broken and the covalent
the environment in

which a chemical
reaction is occurring e the surroundings are the aqueous environment in which the reaction takes place.

chemical bonds in the products that are formed
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Chemical reactions can be categorised into two groups based on whether the total
chemical energy of products is less than or more than the total chemical energy of reactants.
These two categories, exothermic and endothermic reactions, are used to describe whether
energy from the system is being absorbed or released.

Exothermic reactions

If the chemical energy of products is less than the total chemical energy of reactants, any
excess energy from the system will be released into the surroundings. In this type of reaction,
energy has exited the system, so the reaction is exothermic (exo means ‘outside’ and thermic
means ‘temperature’). The net flow of energy from the system to the surroundings causes the
surroundings to warm up. The system loses chemical energy and decreases in temperature.

Exothermic reactions follow the general formula:

reactants — products + energy

For example, anaerobic cellular respiration is an exothermic reaction because excess
chemical energy from the system is released into the surroundings as ATP. In these reactions,
the products are more stable than the reactants.

- -

Chemical energy exits
3 atp  the system and enters
o the surroundings

.
,
’

C,H,,0,(aq) + 60,(g) — 6CO,(g) + 6H,O1)

FIGURE 2 Acrobic cellular respiration is an exothermic reaction.

Endothermic reactions

If the chemical energy of products is more than the total energy chemical of reactants, energy
from the surroundings will be absorbed into the system. In this type of reaction, energy has
entered the system, so the reaction is categorised as endothermic (endo means ‘inside’). The
net flow of energy from the surroundings to the system causes the surroundings to cool
down. The system gains chemical energy and increases in temperature.

Endothermic reactions follow the general formula:

reactants + energy — products

For example, photosynthesis is an endothermic reaction because light energy from
the surroundings enters the system. In these reactions, the products are not as stable as
the reactants.

Light energy
enters the system \

6CO,(g) + 6H,0() — C.H,,0,(aq) + 60,(g)

FIGURE 3 Photosynthesis is an endothermic reaction.

FIGURE 4 Eucalyptus leaves use energy
from the Sun for photosynthesis.
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exothermic

a chemical reaction
that is accompanied
by the emission of
heat energy to the
surroundings

endothermic

a chemical reaction
that is accompanied
by the absorption of
heat energy from the
surroundings
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enthalpy

a measure of
chemical energy;
represented by H

energy profile
diagram

a graph that shows
the change in
enthalpy as a reaction
progresses

transition state
an intermediate
state in which atoms
from the reactant
molecules are loosely
bonded together,
unstable, and can
spontaneously react
to form new products
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TABLE 1 Summary of exothermic and endothermic reactions

Feature Exothermic reaction Endothermic reaction

Definition A chemical reaction in which heat A chemical reaction in which heat
energy is released energy is absorbed

Energy change Energy from the system enters the Energy from the surroundings enters
surroundings the system

Enthalpy change (AH) Negative (-); AH<0 Positive (+); AH > 0

Temperature change Increases Decreases

Stability of products vs Products are more stable than the Products are less stable than the

reactants reactants reactants

Example chemical Combustion, heat pack, cellular Photosynthesis, ice pack

reactions respiration

Measuring changes in chemical energy (enthalpy)

Enthalpy is the amount of energy stored within chemical bonds and is represented by the
symbol H. Change in enthalpy is represented by AH, where the A symbol represents change
and H is enthalpy or heat. The change in enthalpy from a chemical reaction can be either
positive or negative. It is calculated using the following equation:

AH=H

products reactants

As endothermic reactions absorb energy from the surroundings, the change in enthalpy
is positive. As exothermic reactions release energy into the surroundings, the change in
enthalpy is negative.

Representing changes using energy profile diagrams
Energy changes in reactions, such as the change in enthalpy, can be plotted on energy
profile diagrams. These diagrams show the difference between the amount of energy
within the bonds of reactants and the amount of energy within the bonds of products.
In energy profile diagrams:
e the progression of the reaction is given on the x-axis and energy is given on the y-axis
e the plotted line represents how energy within bonds has changed over the course of a
reaction
e reactants are found to the left side of the curve or ‘peak’ of the line; the height at which
reactants sit is the energy required to break reactant bonds

e products are found to the right side of the curve or ‘peak’ of the line; the height at which
products sit is the energy required to form product bonds

e the peak of the curve is the transition state, the period of the reaction where highly
unstable, loosely bonded atoms react spontaneously to form the products

e substances at the bottom of the energy profile diagram have less chemical energy and
stronger bonds

e substances at the top of the energy profile diagram have more chemical energy and weaker
bonds.
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The shape of the energy profile diagram tells you whether a reaction is endothermic

or exothermic. If reactants have more energy than products, energy is released to the

surroundings and the reaction is exothermic. If reactants have less energy than products,

energy is absorbed from the surroundings and the reaction is endothermic.

Energy (kJ)

Exothermic reaction Endothermic reaction

Transition state

Transition state

.

Reactants § Products
B E
= a
Energy is released __—* AH E AH
in an exothermic “___ Energy is absorbed
reaction.  _ _ _ _ _ _ _\ Products Reactants / ~ ~ | in an endothermic
AH = —ve reaction.
AH = +ve

Progress of reaction Progress of reaction

FIGURE 5 Energy profile diagrams for exothermic and endothermic reactions

Two important measurements can be made from an energy profile diagram:

AH is the change in enthalpy, measured in kJ mol™. It is the net energy absorbed

(if AH > 0) or released (if AH < 0) during the reaction. AH is the vertical distance on the
graph between reactants and products.

E_is the activation energy measured in k] mol™". It is the energy required to break the
bonds in the reactants to initiate the chemical reaction. It is the vertical distance between
the reactants on the graph and the transition state.

See Worked example 2.6 to learn how to draw an energy profile diagram.

@ 2.6 Worked
example

Study tip

Heat energy is
required to break
chemical bonds. New
chemical bonds then
form spontaneously,
releasing heat energy
as they do so.

i Find mein your
‘ obook pro

Yo crecwa’

@. 2.6 Worked
example

'
]
'
Video :
demonstration 1

s

activation energy
the minimum energy
required to break

the bonds between
atoms inreactants

FIGURE 6 a The burning of firewood is an exothermic reaction. b The cooling of an ice pack is an endothermic reaction.
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melting

the transition of a
substance from solid
to liquid state

vaporisation

the transition of a
substance from liquid
to gaseous state

sublimation

the transition of a
substance directly
from solid to gaseous
state

condensation

the transition of

a substance from
gaseous to liquid
state

freezing

the transition of a
substance from liquid
to solid state

deposition

the transition of a
substance directly
from gaseous to
solid state

Study tip

Be careful with

the units for AH.
Sometimes, change in
enthalpy is expressed
as kJmol?, kJg™, or
even kJ alone. AHin
kJis used to show
the total change in
enthalpy, regardless
of stoichiometry.

Changing states
Particles in gases are bonded more loosely and have a higher enthalpy than in liquids. The
same is true when we compare particles in liquids with those in solids. This means that
melting and evaporation are endothermic processes. The evaporation of sweat decreases the
temperature of our skin because evaporation is an endothermic process.
¢ Endothermic state changes: melting, vaporisation and sublimation
¢ Exothermic state changes: condensation, freezing and deposition

The states of the reactants and products will alter the shape of the energy profile diagram
(and also the AH) very slightly.

‘Weaker bonds - higher enthalpy

Gas
E Heat
,f:“ Vaporisation Condensation Deposition
= AH >0 AH <0 AH <0
g vap vap sul
g | Liquid
b
[
=]
(]
E Heat Heat
g Sublimation Melting Freezing
3 AH, >0 AH >0 AH,, <0
&}
Solid

Stronger bonds - lower enthalpy

FIGURE 7 Enthalpy of solids, liquids and gases, and how enthalpy changes as they change states

Figure 8 shows how the different states of the H,O products results in two different AH
values for the following two chemical reactions:

CH,(g) +20,(g) — CO,(g) + 2H,O AH = —802KkJmol~!

CH,(g) + 20,(g) — CO,(g) + 2H,0() AH = —890 k] mol !

E = 2653 k] mol™!

a

CH,(g) + 20,(g)

Energy (k] mol?)

CO,(g) + 2H,0(g)

CO,(g) + 2H,0()

Extent of reaction

FIGURE 8 Different states of products result in different AH values in a chemical reaction.
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Experimental determination of enthalpy changes

The AH of the combustion of fuels can be calculated in two ways depending on whether the
substances are pure or impure.
For pure substances, when the amount, in mol, is known:
AH =1
For impure substances (mixtures):
AH =1
where AH is the change in enthalpy in kilojoules per mole, ¢ is the energy in kilojoules, 2.6 Challenge

n is the amount in mole and m is the mass in grams. These formulas are explored further in - EL”OdOTerL” VoL
Topic 2.8 and Chapter 3. Try Challenge 2.6 to check your understanding of AH. Yook P '

2.6 CHECK YOUR LEARNING

Describe and explain

_______________

...............

5 Given what we have learned about enthalpy in

1 Categorise the following state changes as this chapter, predict whether stronger chemical

endothermic or exothermic: vaporisation,
melting, boiling, condensation, freezing,
sublimation, deposition.

In an endothermic chemical reaction, identify
whether the following changes are positive

or negative.

a Enthalpy

b Temperature

Fill the blanks to complete the following
sentence: Energy is when chemical
bonds are broken, and energy is

when chemical bonds are formed.

Apply, analyse and compare
4 Compare the enthalpy of the reactants and

products in an endothermic reaction with
the enthalpy of reactants and products in an

exothermic reaction.

bonds exist in the reactants or in the products
of the equation for the complete combustion
of octane.

Explain which of the following chemical
reactions has a higher AH value.

* CH,(g) +20,(g) — CO,(g) + 2H,0)

* CH,(g) +20,(g) — CO,(g) + 2H,0(g)

Design and discuss
7 Draw a fully labelled energy profile diagram for

photosynthesis. Label the reactants, products,
AH, E, and transition state.

The chemical equations for aerobic cellular
respiration and photosynthesis are the reverse
of each other. Write an equation to define £,
(respiration) in terms of E, (photosynthesis) and
AH (photosynthesis).

FIGURE 9 The melting of ice is endothermic.
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reactant

a chemical species
that undergoes
change and is
consumed during
areaction

reagent

a chemical species
that participates in
areaction, but is not
necessarily consumed

limiting reactant
or reagent

the reactant or
reagent that is
completely consumed
in a reaction

excess reactant or
reagent

all other (non-
limiting) reactants

in a reaction; some
amount of each
excess reactant or
reagent will remain
unreacted at the end
of the reaction

Study tip

The terms reactant
and reagent are often
used interchangeably.
But according to the
dictionary, reagents
include catalysts as
well as reactants.

76 CHEMISTRY FOR VCE UNITS 3 & 4

Limiting reactants and reagents

KEY IDEAS
In this topic, you will learn that:

+ in any chemical reaction, one reactant may be limiting and the other reactants may be in
excess.

In a chemical reaction, reactants are the substances that initiate the reaction and are also
consumed once the reaction is over. This is different to a reagent, a substance that is used to
facilitate, detect or analyse a reaction, without necessarily being consumed by it.

For example, aerobic cellular respiration is catalysed by enzymes. Glucose and oxygen are
reactants because they are consumed by the reaction, while the enzymes involved are reagents
that facilitate the reaction but are not consumed.

Limiting and excess reactants and reagents

When a chemical reaction occurs, the reactants and/or reagents are not always present in
the exact molar ratios required for the reaction. Usually, one substance is available in an
insufficient amount and is said to be ‘limiting’. The reaction will stop when this limiting
substance runs out. Any chemical reaction (except for equilibrium reactions, which are
covered in Chapter 6) can have limiting reactants and limiting reagents.

The limiting reactant or reagent can be determined by the molar ratios of the reaction.
You should remember this from Units 1 and 2. Once the limiting substance has been
identified, other reactants involved are then said to be ‘in excess’. A quantity of these
excess reactants and excess reagents will be left over or ‘unreacted’ by the end of the

reaction (Figure 1).
@ &

5 molecules of carbon
dioxide (product)

N )
Q)@Q;

5 molecules of
oxygen (excess)

5 carbon atoms 10 molecules of oxygen

(limiting reactant) (excess reactant)

FIGURE 1 In the reaction above, the five carbon molecules limit the reaction. Since not all the oxygen molecules
present can react to form carbon dioxide, oxygen is in excess.

For example, a reaction vessel could contain 1.0mol of CH, (g) and 3.0mol of O,(g).
These gases react with each other in a 1 : 2 ratio according to the following equation:

CH,(g) + 20,(g) —» CO,(g) + 2ZH, 0D

This means that the reaction can only proceed until 1.0mol of CH,(g) depletes.
The reaction will then finish, with 1.0 mol of O,(g) unreacted because there is no CH,(g)
remaining to react with it.
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Determining limiting and excess reactants or reagents

To calculate the amount of product formed in a reaction, the molar ratio of the limiting
substance must be used. This can be determined by examining the coefficients of reactants in
a balanced equation. Consider the reaction between hydrogen and oxygen to form water:

2H (g) + O,(g) - 2H,0()

"Two moles of H, react with one mole of O, to produce two moles of H,O. The molar ratio
for this reaction is 2 H,:1 O,:2 H,O. Because O, is the reactant with the lowest coefficient
number, it is the limiting reactant. This also means that H, is the excess reactant.

Molar ratio can also be used to determine which reactant or reagent is limiting or in excess
when the masses of reactants and reagents are given. If you recall from Year 11, n = Aﬂ/f’ where
n is the amount in moles, 7 is mass and M is molar mass. If you divide # of a substance by
the stoichiometric ratio in which it occurs in the reaction, you can then easily compare
which substance is in excess and which substance is limiting. The limiting reactant will have a
smaller 7 =+ ratio. This is shown in Worked example 2.7A.

2.7A WORKED EXAMPLE

DETERMINING THE LIMITING REACTANT

19.5 g of magnesium ribbon and 41.2 g of oxygen gas are reacted together in a vessel.
a Identify the limiting reactant.

b Calculate the mass of magnesium oxide formed.

Solution

stoichiometric
ratio

the molar ratio in
which the reactants
react with each other
(the coefficients

in the balanced
chemical equation)

T e,

Step 1: Write a balanced chemical equation for the 2Mg(s) + O,(g) — 2MgO(s)
reaction.
Step 2: Make anm | M | n | molar ratio table and write Mg o, MgO
the amounts given from the question into the table. " 195 411
Include the two masses that are given in the question, and : .
. . . M 24.3 32.0
the molar ratios based on the balanced chemical equation
n (m/M) 0.80246 1.2844
from Step 1.
Ratio 2 1 2
Step 3: Divide the amount, in mol, of the reactants by n(Mg) =+ ratio = 0.40mol
the ratio in which they occur in the reaction (z + ratio) to | 7(O,) + ratio = 1.28mol
determine which reactant is limiting and which 0.40mol < 1.28mol
is in excess. a Mg has the lowest 7 + ratio, so it is the limiting reactant

and O, is in excess.

Step 4: Notice that Mg and MgO occur in the same ratio. Mg 0, MgO
This means the value of # you calculated for Mg (the
o , m 195 41.1 32.3
limiting reactant) is the same as the value of # for MgO.
M 24.3 32.0 40.3

Calculate M for MgO and use m = n X M to solve for the

mass of MgO formed.
Ratio 2 1 2

b m(MgO) = 0.80246 x 40.3
=32.3g (3 sig fig)

n (m/M) 0.80246 1.2844 0.80246
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You can also calculate the amount, in mol, of an excess reactant left over at the end of a

reaction using the formula:
nl?

Vl, .
- X I‘aUOE

n(excess reactant left over) = (ratio atio
E L

where E is the excess reactant and L is the limiting reactant. This is shown in Worked
example 2.7B. Have a go at these calculations in Real-world chemistry 2.7.

2.7B WORKED EXAMPLE

CALCULATING THE QUANTITY OF EXCESS REACTANT LEFT AFTER A REACTION
Zinc metal reacts with hydrochloric acid according to the following equation:
Zn(s) + 2HCl(aq) — ZnCl,(aq) + H, (g)
40.0mL of hydrochloric acid with concentration 0.400 M is poured onto 1.10g of zinc.
a Identify the limiting reactant.
b Calculate the amount, in mol, of hydrogen gas formed.

¢ Calculate the amount of excess reactant left over at the end of the reaction.

Solution
I S T
Step 1: Calculate the amounts of n(HCh) = ¢ x V n(Zn) = %
hydrochloric acid and zinc, in mol. =0.400 X (40.0 = 1000) _ %
S = 0.016820mol
Step 2: Make an m | n | ratio table and 7n HCI 7ZnCl H
write the amounts given into the table. m 1.10 : :
Include n(HCI) and 7(Zn) calculated 0 01'6820 0.0160
above, and the stoichiometric ratios " - - :
provided in the question. Then, use ratio 1 Z 1 1
n <+ ratio 0.016820 0.00800

n + ratio to determine the limiting
reactant. 0.016 mol > 0.008 mol

a HCI has the lowest 7 + ratio, so it is the limiting reactant.

Step 3: Use the limiting reactant data _1
and the mol ratio to calculate the amount b ) : i : Z((Ij(;(l))
of H,, in mol, and then the mass of H, ; (2) OOémol
formed. ’
mH,) =nx M
=0.008 x (2 x 1.0)
=0.0160g (3 sig fig)
Zn HCI ZnCl, H,
m 1.10 0.016
n 0.016820 0.0160 0.008
ratio 1 2 1 1
n + ratio 0.016820 0.00800
Step 4: Use the formula ( b ) (e M ;
ratio,  ratio, c n(excess Zn) (ratioE ratio) X ratio,

X ratio, to calculate the quantity of excess

— (0‘0116820 _ 0.02160) x 1

= 0.00882mol (3 sig fig)

reactant left at the end of the reaction.
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2.7 REAL-WORLD CHEMISTRY

Calculating exact amounts for a thermite reaction

Thermite is a mixture of a reactive metal powder with the oxide of a less reactive metal.

Typically, a mixture of aluminium powder and iron(IIl) oxide powder are used. When

ignited, a highly exothermic redox reaction occurs.

FIGURE 2 The enormous amount of heat generated when thermite is ignited is used to melt lengths of track

together when building a railway.

Apply your understanding

1 Write a balanced chemical equation for the chemical reaction between aluminium

and iron(III) oxide to produce iron and aluminium oxide.

2 Calculate the mass of aluminium powder required to react completely with 2.7 kg of

iron(III) oxide.

2.7 CHECK YOUR LEARNING

Describe and explain

1 Define the term lLmuting reactant.

Apply, analyse and compare

2 Determine the limiting reactant when 2 mol of
substance A is allowed to react with 3 mol of

substance B in the equation 3A + 2B — 3C + 2D.

3 Calculate the amount, in mol, of excess reactant
left over at the end of the reaction in Question 2
above.

4 4.7g of magnesium ribbon is allowed to react
with 6.9 g of oxygen gas in a container.

a Write a balanced equation for this reaction.
b Determine the limiting reactant.
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¢ Calculate the amount, in mol, of excess
reactant remaining at the end of the reaction.
5 61 g of propane gas is allowed to react with 70 g
of oxygen gas in a container.
a Write a balanced equation for this reaction.
b Determine the limiting reactant.

¢ Calculate the amount, in mol, of excess
reactant remaining at the end of the reaction.

Design and discuss

6 Calculate the volume of oxygen (at SL.C)
required to react completely with 98 mL. of
carbon monoxide in the following reaction:

2C0O(g) + O,(g) — 2CO,(g)
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complete
combustion

the burning of a fuel
in excess oxygen
supply to produce
carbon dioxide gas
and water vapour

incomplete
combustion

the burning of a fuel
in limited oxygen
supply to produce
carbon monoxide gas,
solid carbon (soot)
and water vapour

Study tip

Make sure you
remember the
different products

of incomplete and
complete combustion.

Combustion of fuels

KEY IDEAS
In this topic, you will learn that:

+ fuels can combust completely or incompletely, producing different products, different AH
values and different flame characteristics.

Combustion reactions occur when fuels react
with oxygen and release heat energy. This
means all combustion reactions are exothermic.
Fuels combust differently depending on the
availability of oxygen. The amount of oxygen
available determines whether the reaction will
be complete combustion or incomplete
combustion.

FIGURE 1 Combustion of gas producing a flame

Complete combustion

When oxygen is in excess, complete combustion occurs and all fuel molecules are oxidised.
Complete combustion burns with a clean, blue flame and produces carbon dioxide gas and
water vapour as products.

The complete combustion of hydrocarbon (such as octane) or alcohol fuels (such as
ethanol) occurs according to the following equations:
hydrocarbon + oxygen — carbon dioxide + water
alcohol + oxygen — carbon dioxide + water
The complete combustion of carbon-based fuels (such as coal) occurs according to the
following equation:

carbon + oxygen — carbon dioxide

Incomplete combustion

When oxygen is the limiting reactant, incomplete combustion will occur and not all

fuel molecules will be completely reacted. In this situation, they will form other
products, such as toxic carbon monoxide gas or solid carbon particles (soot).
Incomplete combustion produces a yellow flame.

The incomplete combustion of hydrocarbon fuels, where you do not need to
show the formation of carbon soot, occurs as follows:

hydrocarbon + oxygen — carbon monoxide + water
alcohol + oxygen — carbon monoxide + water

The incomplete combustion of carbon-based fuels occurs according to the
following reaction equation:

carbon + oxygen — carbon monoxide

FIGURE 2 The incomplete combustion
of hydrocarbons can produce carbon
monoxide gas, which can be deadly.
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2.8

PRACTICAL:
CONTROLLED
EXPERIMENT

What is the energy content of three
liquid fuels? Go to your Student obook pro.

Flame characteristics ‘

Bunsen burners have a hole at the base that can be opened
Air hole
open

Heating flame

or closed to control the availability of oxygen to the flame.
When the hole is open, air can flow into the Bunsen burner
and mix with the natural gas in plentiful supply to ensure
complete combustion. This produces a blue flame and a
high temperature. Closing the hole restricts the availability
of oxygen in the Bunsen burner, resulting in incomplete
combustion. This gives a characteristic yellow flame and
produces tiny particles of soot.

Air hole
closed

Safety flame

FIGURE 3 Comparing Bunsen burner flame colours

FIGURE 4 a Complete combustion produces a blue flame. b Incomplete combustion produces a yellow flame.

Heat of combustion

Heat of combustion is the energy released when a specific amount of a fuel is burnt during
a complete combustion reaction. It is usually measured under standard laboratory conditions
(SLC, 25°C and 100 kPa). This means that any water produced by combustion will be in
liquid state.

In Topic 2.2, you learnt that the heat of combustion of common macromolecules is
measured in kJ g7!. This is because these substances are usually complex mixtures of
chemicals and not always pure. If a substance is in pure form, heat of combustion can be
measured in kK mol~!.

Table 1 on the next page shows the heats of combustion of common organic substances.
As you learnt in Topic 2.6, the enthalpy of a reaction will change as the reaction progresses.
The enthalpy of combustionis the change in reaction energy that occurs due to complete
combustion. Enthalpy of combustion is a negative value due to the exothermic nature
of combustion. You will learn more about how to use these values in calculations in the
next chapter.
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heat of
combustion

the amount of heat
energy released when
a specific quantity of
a fuel combusts

enthalpy of
combustion

the change in
enthalpy when a
quantity of fuel
undergoes complete
combustion
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TABLE 1 Common organic fuels and their combustion values

Organic Formula State at Molar heat of Enthalpy of
substance - SLC combustion (k] mol™) combustion (k] mol™)
H, gas 282

Hydrogen -282
Methane CH, gas 890 -890
Ethane . CH, gas 1560 ~1560
Propane CH, gas 2220 -2220
Butane CH, gas 2880 —2880
Octane CH,, liquid 5460 ’ 5460
Ethyne (acetylene) CH, gas 1300 -1300
Methanol CH,OH liquid 726 ' 726
Ethanol C,H.OH liquid 1360 -1360

Writing balanced incomplete and complete
@%‘;_;;V;;;k;g"* combustion reactions

i
example ! . . . . . ..
B r:e iniyatin | The steps involved for balancing complete and incomplete combustion reactions are similar.
] |
,  obook pro ;1 On the left side of the equation, write the reactants: the fuel with its correct state and

______________

oxygen gas, O,(g).
,_ ;-B-A-V;c:r-k;(_i "7 2 On the right side of the equation, write the products. Complete combustion has products
. example H,0() and CO,(g). Incomplete combustion has products H,O(l) and CO(g).
Video 3 Balance the combustion equation by balancing the carbon atoms first, then the hydrogen
\ ; atoms, and finally the oxygen atoms.

demonstration
_____________ Examples of writing balanced complete and incomplete combustion equations are shown
2.8B Worked in Worked examples 2.8A and 2.8B, respectively.

example
Find me in your

abook mro Writing balanced thermochemical equations

——————————————— Thermochemical equations are chemical equations that show a change in enthalpy. The

| PR

% 2.8B Worked

!
'
example | . o . . . .
ik ' will have a positive AH value and exothermic reactions will have a negative AH value.
1
|

~,  change in enthalpy, AH, is often provided in the units k] mol-!. The value of AH will either be
negative or positive depending on the type of reaction taking place. Endothermic reactions

demonstration The enthalpy of combustion values given in Table 1 can be used to write thermochemical

..............

equations for complete combustion reactions. For example, Figure 5 shows a labelled
thermochemical thermochemical equation for the complete combustion of methane.

:g:llean?lgart equation Product Enthalpy of combustion
that shows the Fuel Oxygen gas Togucts of fuel (AH in k] mol™)
enthalpy change of
the reaction CH, (g + | 20,80 — CO,g + | 2H,0Q0) AH = -890 k] mol™!
FIGURE 5 Thermochemical equation for the complete combustion of methane
Study tlp The value shown represents one mole of the fuel (methane) reacting — note the kJ mol™
If the coefficient units. If the coefficients in the reaction change, so will the enthalpy (in kJmol™) and total
of the fuelin the energy (in kJ). For example, if all the coefficients of this reaction were doubled, there

balanced equation is would be two moles of CH, reacting, which means twice the amount of energy is released.
greater than 1, the AH 4

must be multiplied by However, in your calculations, you must use the molar AH, or: ¢ = AH X n

the coefficient of the coefficient
fuel.
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If a thermochemical equation is reversed,
the magnitude of AH will remain the same.
However, previously negative AH values
will be positive (as the reversed reaction is
now endothermic) and previously positive
AH values will be negative (as the reversed
reaction is now exothermic).

2.8C WORKED EXAMPLE

WRITING A BALANCED THERMOCHEMICAL EQUATION

CO,® + 2HO0(0 — CH/(» + 20,9

Enthalpy change
(AH in k] mol™) is positive.

|

AH = +890 k] mol™!

FIGURE 6 Reversing a combustion reaction changes the enthalpy of combustion
value from negative to positive and vice versa.

Write the balanced thermochemical equation for the complete combustion of methanol. Then, determine the

heat of combustion, in kJ, when 5.00 g of methanol is completely combusted.

Solution

T S

Step 1: Write a balanced equation for the complete combustion of

methanol.

Step 2: Use Table 1 to determine the enthalpy of combustion for
methanol. If the coefficient of the fuel in the balanced equation is
greater than 1, the AH must be multiplied by the coefficient of the
fuel. Put this together with your balanced equation. Remember that

the combustion reaction is exothermic, so the AH is negative.

Step 3: Calculate the amount, in mol, of methanol combusted.

Step 4: Multiply the AH value with the amount of methanol

combusted to determine the heat of combustion, in K]J.

2.8 CHECK YOUR LEARNING

Describe and explain

5
1 List the possible products of incomplete
combustion.
2 Describe how heat of combustion differs from 6
enthalpy of combustion.
Apply, analyse and compare
7

3 Compare complete and incomplete combustion

reactions.
4 Write balanced chemical equations for:
a the complete combustion of octane
b the incomplete combustion of butane
¢ the complete combustion of glucose
d

the incomplete combustion of ethyne.

OXFORD UNIVERSITY PRESS

2CH,0H(D) + 30,(g) — 4H,0() + 2CO,(g)

2CH,0H()) + 30,(g) — 4H,0() + 2CO,(g)
AH = =726 x 2 = —1452k]mol"!

n(CH,OH) = 1}

_ 5.00
120+ @x1.0) +16.0

= 0.156mol
AH X n
~ Coefficient
_ 1452 x 0.156

2
= 113KJ (3 sig fig)

q

Write a balanced thermochemical equation for:
a the complete combustion of ethanol

b the reverse of the reaction in part a.

Explain what has happened to the enthalpy of
combustion values between the two reactions in
Question 5, and why this is so.

Calculate the change in enthalpy, in k], when:

a 4.50mol of propane is completely combusted
b 14.2¢g of butane is completely combusted.

Design and discuss

8 Discuss how incomplete combustion reactions

could pose safety concerns in an industrial
factory setting.
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CHAPTER

E Review

Chapter summary

A fuel is a substance that can be reacted with another substance (e.g. combusted with oxygen in the air)
to produce useful energy.

* Fossil fuels are non-renewable mixtures of hydrocarbons extracted from the ground, such as coal, oil
and natural gas.

e Biofuels are renewable fuels made from plants that can be replaced by natural processes within a
relatively short period of time.

» Carbohydrates, proteins and lipids (fats and oils) are fuel sources for the human body.

* The energy provided to the body by fuel sources is measured in k] g*.

* Photosynthesis is the process that converts light energy into chemical energy.

e Glucose is the main carbohydrate used as an energy source by plants and animals.

Bioethanol is produced by the fermentation of glucose extracted from plants.

Bioethanol must be distilled to a high purity before it can be used as a transportation fuel in combustion
engines.

Bioethanol is renewable and can help reduce our reliance on fossil fuels, but it uses farmland and water
that could otherwise be used for food production.

* Energy is required to break chemical bonds and is released when forming new chemical bonds.

*  Endothermic reactions absorb heat energy from the environment, reducing temperature. Exothermic
reactions release heat energy to the environment, increasing temperature.

In any chemical reaction, at least one reactant will be limiting, and the other reactants will be in excess.

Fuels can combust completely or incompletely, producing different products, different AH values and
different flame characteristics.

Photosynthesis 6CO,(g) + 6H,0() » C_H ,0 (aq) + 60,(g)
Cellular respiration C,H,,0,(aq) +60,(g) - 6CO(g) + 6H,0()
Fermentation of glucose C,H,0,(aq) - 2C,H,OH(l) + 2CO(g)

Change in enthalpy AH=H -H

products reactants

Change in enthalpy of pure substances FN:E& %

Change in enthalpy of impure

A
)
<
=
=]
3
c
o
)

q
AH =
substances "
n n, .
Amount of excess reactant n(excess reactant) = — — ——) X ratio
ratio,  ratio, E
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Chapter checklist

Use the success criteria in the table below to rate how well you understand each concept as ‘Confidently’, ‘Mostly’
or ‘Not really’. If you’re not feeling confident about any of these skills or ideas, use the revision links to revisit them.

describe the difference between fossil fuels and biofuels
Go back to Topic 2.1
with reference to their renewability

* determine how much energy in k] g! the body can obtain by
Go back to Topic 2.2

1 [
1 [
1 [

eating amounts of carbohydrates, lipids and proteins

» write the photosynthesis equation and describe how

photosynthesis converts light energy into chemical energy Go back to Topic 2.3

and provides oxygen and glucose needed for respiration

* describe how glucose is oxidised and write the equation for .
.. Go back to Topic 2.4
cellular respiration

* explain how bioethanol is produced by the fermentation of .
) Go back to Topic 2.5
glucose

¢ compare endothermic and exothermic reactions Go back to Topic 2.6

* determine the limiting and excess reactants and reagents in .
. . Go back to Topic 2.7
chemical equations

e write balanced thermochemical equations for complete and

O oodn
O oodn
O oodn

. . . Go back to Topic 2.8
incomplete combustion reactions

Revision questions

4 Which of the following provides @
the greatest amount of energy from

Multiple choice

1 Which of the following fuels is not ' '
considered renewable? digestion?

A Nuclear energy A 18.0g of fat

B Biodiesel
C Bioethanol
D Biogas
2 Approximately how long ago did Australia’s
large oil deposits form?
A 10 thousand years ago
B 100 thousand years ago

B 24.0g of protein
C 26.0g of carbohydrate
D One boiled egg that provides 590k] of
energy
5 1If 100.0 g of cashew nuts contains 44.0 g fat,
30.0g carbohydrate and 18.0 g protein, the
energy obtained from digestion is closest to:

C 10 million years ago A 306K].
s B 480K].
D 100 million years ago C 1628k
3 Which of the following fuels has the greatest J- ,
molar mass? D 2414K]. A X
A Biodiesel
B Bioethanol w
C Biogas FIGURE 1 ’
Cashew nuts
D Petrol
OXFORD UNIVERSITY PRESS CHAPTER 2 CARBON-BASED FUELS 85




6 Proteins produce approximately 24 kJ g™
during combustion but only 17kJg™! during
digestion because:

A enzymes in the body convert proteins
into fats.

B digestion involves incomplete combustion.

@]

heat is lost to the surroundings.
D the body’s enzymatic processes are
not able to oxidise and absorb all the
nutrients completely.
7 Which of the following structural formulas
shows an amino acid?

T—O— T
T—O— T

T—0— T
ZT—0O— T
ZT—O— T

T—O— T

T—0— T
ZT—0O— T

H—C—C—O0O—H
|
H H
CH,OH

CH,OH

OH

OH % HO / CH,0H

OH

OH

8 Use the nutritional information below
to calculate the total energy obtained by
digestion when a person eats an entire
pineapple of mass 905 g.

Nutrient Va-lue per 905g
pineapple (g)

Fat

1.1

Carbohydrate

119

Protein

4.9

A 5.72K]
B 2.03Kk]
C 2.24K
D 2.03M]

FIGURE 2 Pineapples contain fats, carbohydrates
and proteins.
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9 Which of the following factors does not a Suggest which image shows amylose

increase the rate of photosynthesis in plants? starch.
A Light intensity b Suggest which image shows amylopectin
B Atmospheric carbon dioxide starch.
concentration ¢ Suggest which starch is more soluble in

C Temperature water (and explain your choice).
D Atmospheric nitrogen concentration 14 Explain what a fuel is.

10 Pure bioethanol must not be used in petrol 15 Explain why the oxidation of the same
engines. Why is this? masses of carbohydrate, protein and lipid

A It can damage the engine. will release different amounts of energy.

B It is too expensive to use 100%
bioethanol.

C Its vapour pressure is too low.

D The statement is incorrect. Pure
bioethanol can be used in petrol
engines.

Short answer

Describe and explain

11 Write a balanced chemical equation for
cellular respiration of glucose (C.H ,0,)
including states.

12 Write a balanced chemical equation for 16 Identify the green chemistry principle that

photosynthesis in the presence of sunlight. is addressed by producing E10 fuel. Justify
your choice.

FIGURE 4 Oxidation of different foods releases different
amounts of energy.

13 Two different structures of starch are
shown below. 17 Write a balanced chemical equation for the

fermentation of ethanol by enzymes.
18 Describe the process by which E10 fuel is
produced.

Apply, analyse and compare

19 Describe three advantages of bioethanol over
petrodiesel.

20 Describe one disadvantage of bioethanol
over petrodiesel.

21 The thermochemical equation for the
complete combustion of solid carbon is

shown below:

C(s) + O,(g) > CO,(g) AH=-394kJmol™!

a Calculate the AH, in k], for the reaction
of 4.0mol C with 4.0mol O,.

b Calculate the AH, in k], for the reaction

Starch 2 of 10.0mol C with 10.0mol O,

FIGURE 3 Starch chains ¢ Determine whether the above reactions

are endothermic or exothermic.
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22 Identify which of the following state changes
are endothermic.
I Melting
II Boiling
IIT Condensation
IV Freezing
V Sublimation
VI Deposition

“

‘.

FIGURE 5 Condensation on a glass window

23 Bioethanol combusts in excess oxygen to
produce water vapour and carbon dioxide
gas.

a Write a balanced chemical equation for
this reaction.

b Compare the enthalpy of reactants with
the enthalpy of the products.

¢ Calculate the heat energy released, in KJ,
when 1.00kg of bioethanol is completely
combusted.

24 Propane gas, C,H_(g), combusts in excess
oxygen to produce water vapour and carbon
dioxide gas.

a Write a balanced chemical equation for
this reaction.

b The heat of combustion of propane
is 50.5kJ g!. Calculate the amount of
energy, in k], released from the complete
combustion of 50.0 g propane gas at SLC.

25 State the differences between a blue flame
and a yellow flame in a Bunsen burner. In
your answer, refer to the hole (open/closed),
the temperature of the flame (higher/lower)
and the chemical formulas of the products

formed.

FIGURE 6 Combustion of propane produces heat energy

used on a stove.

FIGURE 7 The blue and yellow Bunsen burner flames
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26 The energy profile diagram for the combustion
of nonane at SLC is shown below.

AH = —-6124 k] mol™* AH

Energy (kJ)

CO,(g) + H,0()

Progress of reaction/time

FIGURE 8 The combustion of nonane

a Write a balanced chemical equation for the
combustion of nonane in excess oxygen.

b Identify whether the reactants or the
products have the greater enthalpy.

¢ Identify whether the reactants or the
products have weaker bonds.

27 4.0mol A is allowed to react with 1.1 mol B in

the equation: 3A + B —» 3C + D.

a Determine the limiting reactant.

b Calculate the amount of excess reactant
remaining when the reaction is complete.

28 0.040mol X is allowed to react with 0.10mol

Y in the equation X + 2Y — C + D.

a Determine the limiting reactant.

b Calculate the amount of excess reactant
remaining when the reaction is complete.

29 Ethene gas combusts with oxygen gas to
produce water vapour and carbon dioxide gas.

a Write a balanced chemical equation for this
reaction.

b Determine the limiting reactant if 14.0g
ethene gas and 44.0g oxygen gas are
allowed to react in a sealed container.

¢ Calculate the number of grams of excess
reactant left over at the end of the reaction
above.

30 Hydrochloric acid reacts with calcium
carbonate according to the equation:
2HCl(aq) + CaCO,(s) —
CaCl,(aq) + H,O(l) + CO,(g)
Determine the limiting reactant if 0.050 mol
HCl is added to 0.40mol CaCO,.

You can find the following resources for this section in your obook pro:

Quizlet
Compete in teams or against yourself to test your knowledge.

OXFORD UNIVERSITY PRESS

Chapter quiz
Test your understanding of Key Knowledge in this chapter.
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Measuring changes

in chemical
reactions

CHAPTER

KEY KNOWLEDGE

calculations related to the application of stoichiometry to reactions involving the
combustion of fuels, including mass—mass, mass—volume and volume—volume
stoichiometry, to determine heat energy released, reactant and product amounts
and net volume or mass of major greenhouse gases (CO,, CH, and H,0), limited to
standard laboratory conditions (SLL.C)
the use of specific heat capacity of water to approximate the quantity of heat energy
released during the combustion of a known mass of fuel and food
the principles of solution calorimetry, including determination of calibration factor
and consideration of the effects of heat loss; analysis of temperature—time graphs
obtained from solution calorimetry
energy from fuels and food:
e calculation of energy transformation efficiency during combustion as a percentage
of chemical energy converted to useful energy
comparison and calculations of energy values of foods containing carbohydrates,

proteins and fats and oils
Source: VCE Chemistry Study Design (2023—-2027) reproduced by permission © VCAA

FIGURE 1 Energy is released from the combustion of a jelly baby. This is also called the screaming jelly baby reaction.

90 CHEMISTRY FOR VCE UNITS 3 & 4




GROUNDWORK

In Chapter 3, you will learn about the energy and products generated from
combustion of fuels and food products.

This chapter will build on concepts you have already learnt in Units 1 and 2,
and Chapter 2 of Units 3 and 4. So, before you begin the chapter, test yourself on
the following questions to make sure you remember the basics.

3A Explain what enthalpy is. 3C Explain what specific heat

= capacity is.
w Enthalpy Py
w Specific heat capacity

3B Identify what is required for the
combustion of fuels and what
products are formed.

‘ = ., Combustion of fuels

o

W

o /

« PRACTICALS

3.1 Are we saying goodbye to internal

PRACTICAL: combustion engines?
LITERATURE REVIEW

3.3 How can we measure the enthalpy of a

PRACTICAL: reaction?
CONTROLLED EXPERIMENT

Page 503
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combustion

an exothermic
chemical reaction
with oxygen that
produces heat,
carbon dioxide and
water

greenhouse gases
gases such as CO,,
H,0 and CH,, which
contribute to the
greenhouse effect

FIGURE 1 Combustion of fuel in a car engine releases carbon
dioxide, a greenhouse gas.
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Stoichiometry involving the

combustion of fuels

KEY IDEAS

In this topic, you will learn that:

+ stoichiometry can be used to determine the mass and volume of substances involved in
combustion reactions

+ the net volume or mass of major greenhouse gases (CO,, CH, and H,0) generated from the
combustion of fuels can be calculated using stoichiometry

+ the energy released in combustion reactions can be calculated using heat of combustion.

Chemical reactions involve a change in energy to make new substances. In a chemical
reaction, the bonds of reactants are broken, and the atoms rearrange to form new bonds in
products.

One important type of chemical reaction is the combustion of fuels. Combustion of
hydrocarbons is an exothermic reaction with oxygen that generates heat, carbon dioxide
(CO,) and water (H,O). Two of these products (carbon dioxide and water) are greenhouse
gases. You might remember from Units 1 and 2 that greenhouse gases are atmospheric gases
that trap infrared radiation and prevent it from leaving the atmosphere.

The third major greenhouse gas is methane (CH,), which is produced naturally and
in high quantities by wetlands, but also by humans through agriculture. The current
percentages of the major greenhouse gases in the atmosphere are:

e water: 0-4%
e carbon dioxide: 0.0420%
e methane: 0.000 17%.

FIGURE 2 Human activities such as agriculture contribute
significantly to atmospheric greenhouse gases.
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3.1

Are we saying goodbye to internal
combustion engines? Go to your
Student obook pro.

PRACTICAL:
LITERATURE REVIEW

Greenhouse gases can contribute significantly to global warming and climate change.
Their amounts in the atmosphere can change over time due to human activities. During
the 2020 COVID-19 lockdowns, global greenhouse gas emissions were reduced by 6.4%, or
2.3 billion tonnes. The biggest decrease in emissions came from international travel bans,
which prevented many flights. This reduced the need to burn fossil fuels, which power
aeroplane engines. Other sectors experienced no decrease in greenhouse gas emissions, as
many people worked from home (requiring electricity, heating and water).

Solving stoichiometry problems

Fuels are expressed in quantities of mass, volume or density. When purchasing fuel to fill a

car’s fuel tank, you deal with units of volume (e.g. litres) since fuel is a liquid. Gases found in

gas cylinders (e.g. to fuel a barbeque) are also expressed in volumes. Coal is an impure solid,
so it is measured in units of mass (e.g. kilograms).

To quantify (determine the amount of) the fuel reactants or greenhouse gas products from

combustion reactions, you need to be able to calculate the amount (in moles) from mass or
volume. These calculations use concepts that you have been taught in previous chapters.

energy (g)

. . gy _ energy (q)
Enthalpy: H = OF “Hass ()

mol (n)

e Molar volume at SLLC (24.8 Lmol™): n = 7V

mass
volume

Revision of stoichiometry

Stoichiometric problems can be solved in four steps:

e Density (in g/mL): d =

1 Write a balanced chemical equation for the reaction, identifying the known (given) and
unknown (required) quantities of substances. The known quantity is the one where you

can calculate the amount, in mol. The unknown quantity is the substance of interest in the

question.

2 Calculate the amount (in mol) of the known quantity of substance present. This may be
one calculation or may involve multiple calculations.

3 From the equation, find the molar ratio that states the proportion of known to unknown
quantities in the reaction and use it to calculate the amount (in mol) of the unknown
substance. This is called a ratio statement. It is calculated by dividing the coefficient
of the unknown amount by the coefficient of the known substance, then multiplying this
value with the amount (in mol) of the unknown substance.

4 Calculate the amount (in mol) of the unknown substance.

Net mass of major greenhouse gases

Determining the amount of greenhouse gas produced by combustion reactions can help us
understand the environmental impact of burning fossil fuels. It can also help quantify how
much these gases are contributing to national and international greenhouse gas emissions.

Remember that water is a liquid at SLLC. Therefore, water is not included in the total

volume of greenhouse gases produced in a combustion reaction. However, it is included in the

net mass of greenhouse gases produced.
Worked examples 3.1B and 3.1C show you how to calculate the masses and volumes of
greenhouse gases produced by combustion reactions.

OXFORD UNIVERSITY PRESS

=<f 3.1A Worked

example
6@) 3.1A Worked
example

Study tip

Within your study
design, the calculation
of the net volume or
mass of greenhouse
gases is limited to
standard laboratory
conditions (SLC): 25°C
and 100kPa. Because
water is a liquid

and not a gas at

SLC, it should not

be considered a
greenhouse gas at
SLC.

SLC

standard laboratory
conditions of 25°C
and 100kPa

LSS g

i Find mein your
: obook pro

______________

_______________

Voo s ewe?

i Video
- demonstration

______________

Study tip

If the formula is not in
the data book, you can
develop your own from
its units. For example,
if density is measured
in g/mL, the formula
would be:
density =

mass
volume
This can then be

rearranged to find
mass or volume.

net mass

the specific mass
of the desired
substance(s),
excluding its
container
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3.1B WORKED EXAMPLE

CALCULATING THE MASS OF GREENHOUSE GASES

A fuel tank holds 46.00 L. of pure liquid octane, which has a density of 0.703 g/mL.. Calculate the net mass of
greenhouse gases released from the reaction with oxygen at SL.C.

Solution
Think Do
Step 1: Start by writing a balanced chemical equation. This 2C H (1) +250,(g)— 16CO, (g)+18H,0()
must include states and, for thermochemistry, the enthalpy AH = -10920k] mol

of the reaction.

Step 2: Calculate the mass of octane in the tank using the V(C,H,) = 46 x 1000

volume of the full tank and the density of the fuel. = 46000mL
Note: The amount, in mol, of octane cannot be calculated  m(C,H )=dx VV
using n = 7V because this formula applies to gases only, and =0.703 x 46000
octane is a lmiquid. =32338g
Step 3: Calculate the amount, in mol, of the fuel. n(C,H ) = %

_ 32338

~ 114.0

= 283.67mol

Step 4: Use a ratio statement to calculate the amount, in

16
n(CO,)=n(C.H ) X 5
mol, of CO,,. : e 2

=283.67 %X 8
= 2269.33mol

Step 5: Calculate the mass of CO, formed. m(CO,)=nxM

=2269.33 x44.0
=99850.67g

=99.9kg (3 sig fig)
H,O is not included because it is a liquid at SLC.

3.1C WORKED EXAMPLE

CALCULATING THE VOLUME OF GREENHOUSE GASES

Calculate the volume of greenhouse gases released into the atmosphere when 50.25 g of methanol is
combusted at SI.C, according to the following equation:

2CH, OH(g) + 30,(g) — 2CO,(g) + 4H,0()

Solution
Think Do
Step 1: Calculate the amount, in mol, of methanol. n(CH3OH) = %
_ 50.25
~ 320
=1.57mol
Step 2: Calculate the amount, in mol, of CO, using a ratio statement. n(COZ) = n(CHaoH) x %
Note: Only carbon dioxide is a gas at SL.C, so only the amount, in =157x1
mol, of CO, needs to be calculated. =1.57mol
Step 3: Calculate the volume of CO, using the equation n = II// V(COZ) =nxV,
" =1.57x24.8

=38.9L (3 sig fig)
H,O is not included because it is a liquid at SLC.

94 CHEMISTRY FOR VCEUNITS 3 & 4 OXFORD UNIVERSITY PRESS



Heat energy released

Combustion of fossil fuels also generates heat energy (¢). The heat energy released by a
volume or mass of fuel can be calculated using the heat of combustion of the fuel (AH® ).
This is the amount of energy released in the form of heat when one mole or gram of a
substance is combusted.

The value of the heat of combustion is the same as that of enthalpy (AH), but is reported
as positive. The heat of combustion of common fuels will be provided to you in your
data book.

For combustion reactions, the following equations are used:
— o — o
g=AH°_.Xxn or g=AH°_.Xm

where ¢ is energy in kilojoules, AH® . is heat of combustion in kilojoules per gram or
kilojoules per mole, 7 is the amount in moles and  is the mass in grams.

Have a look at Worked examples 3.1D and 3.1E to see how to calculate energy released
by fuels.

3.1E WORKED EXAMPLE

CALCULATING THE ENERGY IN A MASS OF FUEL

heat of
combustion

the amount of
energy released in
the form of heat
when one mole or
gram of substance is
combusted

»ﬁ» 3.1D Worked :
45 example :
1
)
J
1

Find me in your

1
1
: obook pro

~@ 3.1D Worked
0 example

1
i
1
| Video i
. demonstration |

Calculate the energy, in kJ, that must be generated from the combustion of methane in order to produce

1.96 g of water, at SL.C.

Solution

I T T

Step 1: Start by writing a balanced thermochemical equation.

This must include states and enthalpy.

Step 2: Calculate the amount, in mol, of the known quantity n(H,0) = 0,

(mass of water). _ 196
~18.0
=0.11mol

Step 3: Use a ratio statement to calculate the amount, in mol, #(CH ) = n(H,0O)

of the unknown quantity (methane). _0.11

2
= 0.054mol

Step 4: Two methods are possible at this point, depending on

CH,(g) +30,(g) - 2CO,(g) + 2H,0()
AH = -890k]mol !

Calculate the energy (¢) using the molar heat of

whether you know the molar heat of combustion (kJmol™) combustion.
or the heat of combustion (kJg™) of the substance thatis the  4=A H° Xn
unknown quantity (methanol) — see your data book. The =890 % 0.054

molar heat of combustion is equal to enthalpy, but without

the negative sign.

OXFORD UNIVERSITY PRESS

= 48.5K]J (3 sig fig)
Calculate the energy (¢) using the heat of combustion.
m(CH) =nxM
=0.054 x 16
=0.87g
g=AH°_Xm
=55.6 X0.87
= 48.4K] (3 sig fig)
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3.1 Skill drill 1
Find me in your
obook pro ;

in Skill drill 3.1.

\ ’
______________ -

Volume of gases at non-standard conditions

Calculate the volume of greenhouse gases released into the atmosphere when 5.00kg of
ethyne (C,H,) is combusted at 200°C and 105kPa.

1 Calculate the amount, in mol, of ethyne.

If you feel confident, try Challenge 3.1, or practise your data analysis and evaluation skills

2 Calculate the amount, in mol, of the gases produced in the reaction.

3 Calculate the volume and the net volume of gases produced.

3.1 CHECK YOUR LEARNING

Describe and explain

1 Identify the state of water at SL.C.

2 Identify which greenhouse gas is produced in
the highest quantity by combustion reactions of
hydrocarbons at SL.C. Explain the environmental
implications of this.

Apply, analyse and compare
3 Balance the following combustion reactions:
a C,H (2) +O,(g) - CO,(g + H,OW
b Al(s) + O,(g) —» ALO,(s)
¢ N,(g) + O,(g) - NO(g)
d C,H.((g2) +0,(g — CO,(g + HOW
e CH ,O.J(g) +0,(g — CO,E +HOD
4 Calculate the energy required to produce 1.00kg

of water from the complete combustion of
octane.

CHEMISTRY FOR VCE UNITS 3 & 4

Calculate the mass of propane required to
produce 500 g of water at SL.C.

Calculate the energy released when a 48.0L.
liquid tank of gaseous propane undergoes
complete combustion at SL.C (density =
0.493gmlL™).

A butane torch is typically a 300 mL cylinder
(density = 0.573 gmI."). Calculate the amount of
energy that a butane torch contains at SL.C.

An acetylene (C,H.) torch is fuelled by a 7.20 L
liquid cylinder (density = 1.18 gLL™!). Acetylene
burns at over 1800°C in pure oxygen, which
makes it ideal for use in a welding torch, because
it will melt most metals. In air, however, it burns
at 1400°C. If air contains 20% oxygen, calculate
the volume of air required to combust the
acetylene in the tank at SLL.C.
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specific heat
capacity

ameasure of the
amount of heat
energy in joules (J) or
kilojoules (kJ) that it
takes toincrease the
temperature of 1 g of
a substance by 1°C

Study tip

Remember that
g=mxcxATrefers
specifically to water
ifc=4.18Jg'K?

or 4.18kJkgt K.
grepresents the
energy required

to heat a mass of
water by a specific
temperature.

3.2A WORKED EXAMPLE

Specific heat capacity

KEY IDEAS
In this topic, you will learn that:

+ the specific heat capacity of water is the energy that it takes to raise the temperature of
1g of water by 1°C

+ the change in temperature can be used to measure energy released from combustion of
fuel and food.

The energy released by the combustion of fuels is used at home and in many industries. If the
energy is used to heat a specific volume of water, such as when you use a gas stove to boil water
for cooking, the change in temperature of the water can be measured. We use this to calculate
the energy required to heat the water (the energy generated by the fuel when it combusts).

Using specific heat capacity to calculate energy

Specific heat capacity (SHC) is a measure of the amount of heat energy, in joules (J), that it
takes to increase the temperature of 1 g of a substance by 1°C. The specific heat capacity of water,
under ideal conditions, is 4.18Jg ' K-! or 4.18kJkg™'°C~. Remember from Unit 2 that water has a
relatively high SHC due to its ability to form strong hydrogen bonds with itself. SHC can be used
to calculate the heat energy released from a combustion reaction using the following equation:

g=mxcxAT
where ¢ is heat energy in joules, 2 is mass of the water in grams, c is the specific heat
capacity of water and AT is the change in temperature in kelvin or degrees Celsius.

Units of specific heat capacity

SHC is measured in joules per gram per kelvin (Jg='K!) or kilojoules per kilogram per kelvin
(kJkg'K™). Values can also be expressed per degrees Celsius (°C) instead of kelvin. This
provides flexibility in the values that you can use to calculate energy.
» If the mass of water is in kilograms (kg), then the unit of energy is kilojoules (KkJ).
e If the mass of water is in grams (g), then the unit of energy is joules (J).

As heat of combustion is measured in k] mol™, it is useful to convert the mass of water to kg
and calculate energy directly in k] (see Worked example 3.2D) rather than calculating it in J

and then converting it to KJ.

CALCULATING THE ENERGY REQUIRED TO HEAT WATER

200 g of water was heated in a beaker. The initial temperature of the water was 16°C and the final
temperature was 62°C. Calculate the amount of energy (kJ) required to heat the water.

Solution

I T S

Step 1: Calculate the energy in J using g = m X ¢ X AT.

Step 2: Convert J to k]J.

OXFORD UNIVERSITY PRESS

g=mXcXAT
=200 %X 4.18 X (62 — 16)
=38456]

38456 + 1000 = 38K] (2 sig fig)
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3.2B WORKED EXAMPLE

CALCULATING THE ENERGY RELEASED FROM THE COMBUSTION OF FUEL

A butane burner was used to heat 600 g of water in a beaker. The initial temperature of the water was 21°C
and the final temperature was 42°C. Assuming that 20% of the heat energy was lost to the environment,
calculate the total energy (KJ) released from the burner to heat the water.

Solution
T R T
Step 1: Calculate the energy in KkJ. g=mxcxAT
=600 X 4.18 X (42 —21)
=52668]

52668 + 1000 = 52.67k]

Step 2: Assuming that 52.67k] is 80%, use the percentage If 80% of the energy is absorbed by the water, 52.67K] is
to calculate the energy in 100%. 80% of the energy.
Therefore, Ség 7= 0.658 K] is the equivalent of 1%.

Therefore, 0.658 X 100 = 66K]J (2 sig fig)

3.2C WORKED EXAMPLE

CALCULATING THE ENERGY RELEASED FROM COMBUSTION OF FUEL

A can of propane is used to raise the temperature of 900 g of water by 16°C. Calculate
the energy of the fuel in kilojoules (K]).

Solution

If a question asks you to calculate energy in KJ, it may be easier to convert the mass to
kg and calculate energy in k] directly (method 1). If you choose to keep the mass of
water in g, you must remember to convert it to KJ later (method 2).

I S R S

Method 1
Step 1: Convert the mass of water to kg. 900 + 1000 = 0.900kg
Step 2: Use the SHC of water in kJkg' K to g=mxcxAT
calculate energy in KJ. =0.900 x 4.18 X 16
= 60Kk] (2 sig fig)
Method 2
Step 1: Use the SHC of water in Jg'K'! to g=mXxcxXAT
calculate energy in J. =900 x4.18 x 16
=60192]
Step 2: Convert the energy from J to KkJ. 60192 =+ 1000 = 60Kk] (2 sig fig)

Distinguishing between heat and temperature

3.2 Real-world It is important to understand the distinction between heat and temperature. Heat is a form of

|
H '
Ehedm'Str_y ! energy referred to as thermal energy. Temperature is a measure of the average kinetic energy
ind me in your . .
0book pro E of the particles. Therefore, temperature is a measure of thermal (heat) energy. Explore the

------------- ” energy released from nitroglycerin and trinitrotoluene (TN'T) in Real-world chemistry 3.2.
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Measuring energy released from food products

As long as the change in the temperature of water can be measured, this equation can also be

used to calculate the energy generated from the combustion of other materials, such as food.
As foods are not pure substances, but a mixture of the ingredients and biomolecules

that are within them, their heat of combustion cannot be calculated in k] mol™'. Instead, any

energy that is referenced on food packaging must be calculated in k] per gram of the food.

FIGURE 1 In the gastrointestinal tract, food is combusted to release energy.

3.2 CHECK YOUR LEARNING

Describe and explain 6 900] of energy was applied to a specific mass of

1 Explain what is measured by specific heat water to raise its temperature by 40°C. Calculate
capacity. the mass of water that the energy was applied to.

2 Explain what must be done in a calculation to . q
o . . o Design and discuss
use specific heat capacity in units of kJ kg K-!

instead of Jg' K. 7 Discuss why solid ice would have a different
specific heat capacity than liquid water. State

3 Identify whether a denser substance would have ) ) )
whether it would be higher or lower. Justify your

a higher or lower specific heat capacity. Explain

. response.
your reasoning.

8 Discuss the property of water that gives it a

Apply, analyse and compare relatively high specific heat capacity and explain
4 Determine the amount of energy required to how it does this. Hint: Why are water molecules
heat 72 g of water, if the initial temperature of held relatively closely together?
the water was 296 K and the final temperature
was 54°C.

5 Calculate the final temperature of 250 g of water,
if its initial temperature is 18.2°C and 20Kk]J of
energy is used to heat it.
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The principles of solution

calorimetry

KEY IDEAS
In this topic, you will learn that:

+ calorimeters are used to measure the temperature change of solutions with minimal heat
loss to the environment

+ calorimeters must be calibrated to determine the amount of energy that it takes to
increase the temperature of a solution by 1°C

+ calorimeters can be used to determine the energy released by different fuels and food
products.

In Topics 3.1 and 3.2, you learned three main points:
1 Heat energy is released in a combustion reaction.
2 The energy released can be used to heat water.
3 You can calculate the energy released depending on the change in water temperature.

In this topic, you will learn about how we can experimentally determine the amount
of energy released from reactions in the laboratory, using a technique called solution
calorimetry. The development of this technology was especially important for chemical
engineers and industrial chemists in the latter half of the 20th century. This helped to make
processes more efficient and safer, and reduce waste.

Principles of calorimetry

When you boil water on a stove, you are burning (combusting) fuel to heat the pot of water.
The change in temperature of the known volume of water can be measured to determine how
much energy is being supplied by the fuel. In the same way, you can burn food (a form of
fuel) to heat a known volume of water in a can and measure the change in water temperature,
to then determine the energy released from the food.

Temperature change of
water is measured.

Combustion of fuel Combustion of food

FIGURE 1 Energy released from combustion of fuel and food can be determined by measuring the change in the
temperature of water.
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3.3

How can we measure the enthalpy of a
reaction? Go to page 503.

PRACTICAL:
CONTROLLED EXPERIMENT

This is the basic principle of solution calorimetry — heat energy generated from a reaction
is used to heat a known mass of water; you measure the change in temperature (A7) of the water;
you use this AT value to calculate the energy released from the reaction.

Heat energy is also released from thermochemical solutions. Therefore, you can also
use solution calorimetry to measure the change in temperature of water — and then energy
released — after dissolving a known quantity of substance in water (dissolution) or reacting a
known quantity of substance with another chemical in an aqueous reaction.

However, there is one major problem with calorimetry conducted using the apparatuses
in Figure 1: you will lose a lot of heat energy from the water to the environment. This can
affect the accuracy and validity of your results. To make sure your experiment is valid, you
will need to conduct a calibration; even better, you can improve accuracy by using a specific
device called a calorimeter.

A calorimeter

A solution calorimeter is any device designed to measure to a high level of accuracy the rise or
fall in temperature of a quantity of solution during an endothermic or exothermic reaction.

The calorimeter in Figure 2 contains an insulated container, which minimises heat loss to
the surrounding environment. The solution is placed inside the container with a thermometer,
which measures the change in temperature. The stirrer ensures even distribution of thermal
energy in the container. An even more basic type of calorimeter is shown in Figure 3.

Insulated containers

Stirrer —

FIGURE 2 The parts of a solution calorimeter

FIGURE 3 A very basic calorimeter
that you might use in the laboratory

Calibrating a calorimeter

A calorimeter must be calibrated before use. Calibration (also called electrical calibration)
determines the amount of energy that it takes to change the temperature of the solution in
the calorimeter by 1°C. This is called the calibration factor (CF), and it is used in energy
calculations.

All calorimeters have slightly different calibration factors, making it essential to calibrate
every calorimeter before it is used. The steps for calibration are shown in Figure 4, on the
next page.

OXFORD UNIVERSITY PRESS

solution
calorimetry

an analytical
technique in which
the energy generated
by a sample is
determined by
measuring the change
in the temperature

of water

dissolution

the process of
dissolving a solute
into a solvent
(typically water) to
create a solution

aqueous reaction
the reaction of two
solutions that form
aqueous products

calorimeter

a device that
measures the change
in temperature

of water when an
endothermic or
exothermic reaction
takes place

calibration factor
the amount of
energy that it takes
toincrease the
temperature of an
aqueous substance
in a calorimeter by
1°C. This value is

used to calibrate the
calorimeter.
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Water-filled beaker

./

Thermometer ———

—_—
Insulated
container

Voltmeter

——Power source

|
4 ““' o
o

Stirrer

Ammeter

Lid

Heating coil

Fill with a known Put the lid on and connect the power
volume of water. source, ammeter and voltmeter to the
electrical terminals.

OFF

A

Wait 2 minutes.

—_—

Stir the water constantly and record
the initial temperature once stable.

Apply electrical energy to produce heat in the
heating coil. Start a timer for 2-3 minutes.

Time (seconds) |Temperature (°C)
0 18.2
30 18.8
60 19.4
90 20.3

Record the temperature every 30 seconds
for 2-3 minutes. Constantly stir and
record the voltage and current.

OFF

A

/

Turn off the power and record the

temperature for another 3—5 minutes.

FIGURE 4 Steps for calibrating a calorimeter
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Determining the efficiency of a calorimeter

Once you have your results, you can plot time on the x-axis and temperature on the y-axis.
This makes a calibration curve (Figure 5). The calibration curve is important to make sure
the calorimeter is working efficiently. This will affect the validity of your results.

You make this assessment by looking at the shape of the curve — particularly the region
after the power is turned off.

48 4
46 4
44 4
42 4
40 4

38 -
36 4 Stop heating

34 (power OFF)

32 4
30
28
26 -
24 4

Temperature (°C)

16 A

T T
010 1.0 2|0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Time (minutes)

Initial
temperature

Start heating
(power ON)

FIGURE 5 A calibration curve for a solution calorimeter

Efficient calorimeters

Efficient calorimeters can retain the heat applied to them and will not lose it to the
environment (Figure 6). Calculating the change in temperature is still necessary, but the back
extrapolation is far simpler due to the lack of heat loss.

3] AT=45-18
=27°C

Temperature (°C)
W
[\S)
L

26 -
24 -
22 4
20 -

16 ! T T T T T T T T T T
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0
Time (minutes)

FIGURE 6 Determining the change in temperature (A7) using an efficient calorimeter
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calibration curve
(in calorimetry) a
graph of temperature
versus time used

to determine the
efficiency of a
calorimeter
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8 Inefficient calorimeters
YT T — A calorimeter is considered inefficient if it
g : T s loses heat to the environment. The initial
40 - o temperature of the water may be constant
o 384 o (as it stabilises to room temperature), but the
OE 36 4 ATi ;‘; 0_C18 water will lose heat energy to the environment
g zi : as it is warmed by the heating coil.

% 30 4 A key sign that a calorimeter is losing heat
& 284 to the environment is that the temperature of
;i : the water in the calorimeter decreases once
5 the power source is turned off, which can be
20 4 seen by the downward slope in the calibration

18 1 4 curve (Figure 7).
16ofo 10 20 30 40 50 60 70 80 90 100 If the calorimeter loses heat energy, then
Time (minutes) the final temperature of the calorimeter is

FIGURE 7 Determining the change in temperature (A7) using an inefficient

calorimeter

Study tip

An inefficient
calorimeter is still
usable, as long as you
conduct a calibration
beforehand, but be
careful if the heat loss
is too significant.

(2N 3.3A Worked
example

i\ Find mein your
{ obook pro

...............

@ 3.3A Worked
O example

i Video
‘ demonstration

inaccurate. For this reason, the data must be
extrapolated backward to determine the final
temperature, assuming no heat loss.

The change in temperature of the calorimeter is calculated as:

AT = final temperature — initial temperature

Because AT is the difference in temperature, it does not matter whether it is measured in
degrees Celsius (°C) or in kelvin (K).

An example of an inefficient calorimeter would be Figure 1, where a pot of water is heated
using combusted fuel (from a stove), or a beaker or can of water is heated using energy from
a burning cookie. You can still extrapolate the data from this kind of simple calorimeter
and use it to determine energy released by the fuel or food. However, you must be careful
when analysing data from an inefficient calorimeter because significant loss of heat from the
calorimeter may make your experiment invalid.

Calculating the calibration factor (CF)
To calculate the CF of a calorimeter, the calibration curve (Figure 4) is used to determine the
change in temperature.

The energy (E) applied to the calorimeter is calculated as:
E=TxIxt
where E is energy in joules, I7is voltage in volts, [ is current in amps, and z is time in
seconds.

CF is calculated as energy per degree of temperature. Therefore, it is measured in J°C~! or
JK', and calculated using:

=L
CF=37

Alternatively, the two equations can be combined to give the following equation:

_ VxIxt
CF—iAT

See how to calculate the calibration factor for a calorimeter in Worked example 3.3A.
Once your calorimeter has been calibrated, it is ready to be used. The water used to

calibrate the calorimeter can be disposed of and the power source with the ammeter and
voltmeter are no longer necessary, so they can be disconnected.
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Measuring the energy released from
solutions

It can be assumed that aqueous solutions have the same specific heat capacity
as water, since aqueous solutions are solutes that have been dissolved in a water
solvent. Therefore, the energy of aqueous solutions can be calculated in the
same way.

If the calibration factor of the calorimeter is known, then the energy of the reaction
can be calculated as:

E=CF x AT

where E is energy in joules, CF is the calibration factor, and A7 is the change in
temperature during the reaction.

The energy of a solution is better expressed as molar heat of the solution (kjmol™).

When one mole of a solid substance dissolves into water to form an aqueous solution
(e.g. when solid NaCl dissolves in water), this is called the molar heat of dissolution.

See how this is calculated in Worked example 3.3B.

When two aqueous solutions react, such as in a neutralisation reaction between an acid
and a base, this is called the molar heat of neutralisation. One of the aqueous reactants is
placed in the calorimeter and allowed to reach a constant temperature, which is recorded as
the initial temperature. The second reactant (solid or aqueous) is added with constant stirring
and allowed to react. The maximum/minimum temperature is recorded and the change in
temperature is calculated. Have a look at how to calculate molar heat of neutralisation in
Worked example 3.3C.

This is different from the enthalpy (AH) of a solution (in kJ mol™"), which takes into
account the nature of the reaction, i.e. if it gains or loses energy.

Remember:

e exothermic reactions will cause an increase in the temperature of the surroundings
(water), due to a loss of energy from the reactants. Therefore, the enthalpy of the solution
will have a negative value

* endothermic reactions will cause a decrease in the temperature of the surroundings
(water), due to a gain of energy by the products. Therefore, the enthalpy of the solution
will have a positive value.

Measuring the energy released from food and fuel

As you saw in Figure 1 at the beginning of this topic, the energy or heat of combustion for
food and fuel can also be determined by calorimetry. As long as calibration is conducted
beforehand, the experiment is considered valid.

You would ideally use an insulated, enclosed container, instead of the beaker shown in
the image. However, the combustion of food and fuel requires an ignition source and an
excess supply of oxygen, which a solution calorimeter does not accommodate. Therefore, an
alternative device called the bomb calorimeter is required.

The principles of bomb calorimetry are the same as those of solution calorimetry. Bomb
calorimetry is not included in the VCE Chemistry study design, but you can apply your
understanding of the principles of calorimetry by attempting Challenge 3.3.

A special device called a spirit burner can also be used to measure the heat of combustion
of a fuel. You will explore this in the next topic.

FIGURE 8 The
energy or heat of
dissolution can be
measured.

molar heat of
solution

the amount of energy
absorbed or released
by a solution

molar heat of
dissolution

the enthalpy of a
solution when a solid
substance dissolves
in water

3.3B Worked
example

Find me in your
obook pro

) 3.3B Worked
example
Video
demonstration

______________

molar heat of
neutralisation
the enthalpy of a
solution when an acid
reacts with a base

[SE0 3.3C Worked
example

i Find mein your
: obook pro

...............

______________

’&‘ 3.3C Worked
example

1
)
]
1 . 1
1 Video ;
: demonstration |

...............
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Bomb calorimeter

In a bomb calorimeter, a sample of solid is contained within a reaction capsule. An
electric current is used to ignite the sample, which is fed with a constant supply of
excess oxygen to cause the whole sample to react. The temperature change of the water
is recorded, and the energy of the food is calculated.

A bomb calorimeter was used to combust a sample of Cheezels to compare the
energy of the Cheezels to the nutritional value on the back of the packaging. 0.5g of
Cheezels were combusted in excess oxygen to compare to the experimental heat of
combustion of 2270Kk] per 100 g. Assuming that the bomb calorimeter holds a mass of
300 g of water, calculate the temperature rise of the water in the bomb calorimeter.

Practise your skills using Skill drill 3.3 to make sure you understand the potential errors
involved in calorimetry.

Errors in ca[orimetry 3 A calorimeter had a calibration
factor of 12]°C~! when it was first

Key science skill: Analyse and purchased. Frequent use has resulted

1 nd in igation . . .
evaluate data and investigatio in the degradation of the insulated

methods . .
container. In an experiment to

If a calorimeter is inefficient, it loses
heat energy to the environment. This

determine the energy released in

the combustion of a solution, the

is an error that cannot be resolved by calibration factor of 12J°C was used.

repeating the experiment, because the

issue is with the equipment itself. released by the solution would be

Practise your skills higher or lower than its theoretical
1 Identify what type of error this is. value.

Explain your reasoning. b Evaluate the accuracy and validity
2 Explain how this type of error can be of the data.

minimised.

a Explain whether the energy E
Need help analysing and evaluating data? See Topic 1.8 (page 24). A

3.3 CHECK YOUR LEARNING e @

Describe and explain Apply, analyse and compare

1 Explain how a calorimeter is able to measure the 4 To calibrate a calorimeter, a student let the 150g
enthalpy of a solution. of water in the calorimeter reach a constant

2 Explain why a calorimeter is insulated. Describe temperature of 18.1°C for 3 minutes before
what would happen if it was not insulated. turning on a power pack. The power pack

3 Explain why the combustion of solids, liquids applied 6.0V of electrical energy for 2.5 minutes,
and gases cannot be conducted in a solution generating a current of 2.1 A. The following data
calorimeter. was obtained.

106 CHEMISTRY FOR VCEUNITS 3 & 4 OXFORD UNIVERSITY PRESS



Temperature (°C) a Construct a calibration graph for the data.

0.0 18.1 b Determine the change in temperature from
0.5 245 the graph.
1.0 31.6 c Calculate the calibration factor of the
15 39.2 calorimeter.
2.0 46.3 6 A calorimeter is calibrated at 20]J°C-!. Calculate
2.5 53.2 the enthalpy (kJmol™) of dissolution of 0.50g of
3.0 52.7 KNO,, if the initial temperature is 19.5°C and
35 502 the final temperature is 11.0°C. Identify whether
4.0 51.6 this reaction is exothermic or endothermic.
45 51.1 7 A 1.20g sample of potassium iodide (KI) is
50 50.2 dissolved in a calorimeter filled with 250 g of
water. The calorimeter has been previously
a Construct a calibration graph for the data. calibrated, and its calibration factor was found
b Determine the change in temperature from to be 32]J°C-!. The starting temperature of the
the graph. water was 21.3°C and the final temperature was
¢ Calculate the calibration factor of the 16.8°C. Calculate the enthalpy of KI in kJmol™.
calorimeter. 8 A student intends to calculate the enthalpy of
5 To calibrate a calorimeter, a student let 100g neutralisation of S0mL of 1.5 M hydrochloric
of water in the calorimeter reach a constant acid (HCI). The student reacts the HCl with
temperature of 16.5°C for 2.5 minutes before 50mL of 1.5M sodium hydroxide (NaOH)
turning on a power pack. The power pack in a calorimeter that has a calibration factor
applied 4.0V of electrical energy for 2.0 minutes, of 16]J°C~". The initial temperature of the HCI
generating a current of 1.5A. The following data solution was 15.2°C and its final temperature was
was obtained. 77.1°C. Calculate the enthalpy of neutralisation
of HCI in kJ mol!.
0.0 16.5 Design and discuss
0.5 20.3 9 Discuss why a calorimeter must be calibrated
1.0 24.1 before it is used.
1.5 28.9 10 A student obtains the results for the calibration
2.0 32.4 of the calorimeter in Figure 6. Instead of
2.5 32.0 extrapolating the final temperature, the student
3.0 31.5 concludes that it is 45°C (rather than 47°C).
35 31.1 After this, they conduct several reactions and
4.0 30.6 measure the enthalpy of these reactions. Discuss
4.5 20.9 the effect of this error on the calculated energy
5.0 292 released from the reaction. Explain whether this

is a random or systematic error.
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Study tip

The fuels looked at

in Topics 3.1 and 3.2
have all been pure
fuels. They have
known molar masses,
so a mole amount can
be calculated. Other
fuels, such as diesel,
kerosene and natural
gas, are mixtures of
different molecules.
For this reason, their
heat of combustion
cannot be calculated
in kJmol™ and must
instead be calculated
inkJg™.

3.4A Worked
example

i Find me in your
i obook pro

3.4A Worked
example

Video

demonstration

...............
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Energy from fuels and food

KEY IDEAS

In this topic, you will learn that:

+ the energy released by combustion of blended fuels must be calculated in kilojoules per
gram

+ the energy of food can be calculated based on the amount of proteins, fats and
carbohydrates in the food

+ energy transformation efficiency of combustion reactions can be calculated by comparing
the experimental energy to the theoretical energy.

In Topic 3.2, you learned how to calculate the heat of combustion of food and fuel, using
specific heat capacity. Then, in Topic 3.3, you learned how to determine the energy released
from a solution (heat or enthalpy of solution) in k] mol='.

Energy from food and fuel can also be calculated, but, in many cases, cannot be expressed
per mol. This is because food and fuel are often impure mixtures. Therefore, they are given
as kJg'.

Recall the equation:

g=AH°_.xm

where g is the energy in k], AH® . is the heat of combustion in kJg™" and m is the mass.

Energy from fuels

There are a few impure or blended fuels that we use regularly to generate the energy we rely
on. A list of these fuels, including their states and heats of combustion (in kJg™), is found in
Table 1.

TABLE 1 Heat of combustion of common blended fuels (at 25°C and 100kPa)

H f i
Blended fuel eat o comlbustlon
(k) g™)

Kerosene liquid 46.2
Diesel liquid 45.0
Natural gas gas 54.0
Black coal (anthracite) solid 32.5
Brown coal (lignite) solid 15.0
Wood (moisture free) solid 21.7
Wood (firewood) solid 21.2
Peat (dry) solid 15.0
Peat (damp) solid 6.00

Because these fuels are mixtures, they have no chemical formula and are not placed into
balanced chemical equations, so stoichiometric ratios cannot be obtained.

The energy released when an impure substance combusts is calculated using the same
equation used earlier for heat of combustion (Worked example 3.4A).
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spirit burner
. . a vessel with a wick
Calculating the heat of combustion that can hold liquid
fuels and combust
them in the presence
This is calculated in a similar way to the heat of solution. of oxygen in the air

For fuels that are liquids, a spirit burner can be used to calculate the heat of combustion.

Figure 1 shows a spirit burner, which
efficiently burns a liquid fuel while keeping
it contained. The mass of the spirit burner is

Clamp

~ Bosshead

5

recorded before and after the experiment to Th
. ermometer
determine the mass of the fuel used to heat the

water above the burner. A set volume of water is
contained within the beaker, or metal can, with
a thermometer and stirrer. Metal loop stirrer ‘—l

This set-up might look similar to what you

. . . Metal can
saw in Topic 3.3. The principles are the same dr

as those of calorimetry — the reaction heats up Water

water, temperature change is recorded, and

a calculation is done to determine the energy
released.

Retort stand

Because the mass of the fuel and the
temperature rise of the water are known, a AH°
¢ Ethanol
value can be calculated. Worked examples 3.4B
and 3.4C show how to calculate AH® . for pure

and blended fuels, respectively.

Heat-proof mat

FIGURE 1 A spirit burner records the enthalpy change in a
combustion reaction.

o (2) 3.4¢ Worked
3.4B WORKED EXAMPLE @ @ examploer :

CALCULATING THE HEAT OF COMBUSTION OF A PURE FUEL Find me in your

obook pro
A 4.60g sample of ethanol (C,H,OH) was burnt using a spirit burner. The energy Neememmmm—a——-

produced by the flame was used to heat a beaker filled with 150 g of water. The e e
starting temperature of the water was 18.00°C and the final temperature was 68.00°C. 3.4C Worked

example

Calculate the heat of combustion for, in k] mol~, of ethanol.

i Video
Solution :\__iie_r?(_)rls_tr_a_tii)i
Think Do
Step 1: Calculate the energy absorbed by the water. g=mxcxXAT
=150 x4.18 x (68 — 18)
=31350]

31350 + 1000 = 31.35K]

Step 2: This is the energy for 4.60g of ethanol. Convert mass ”(Csz) = Aﬂ/I
to moles and calculate the AH®_, in kJmol ™', of ethanol. _ 4.60
~ 460 Study ti
=0.10mol ytp
Ao =4 Only alcohol-based
G fuels (e.g. methanol,
= % ethanol) can be
i burnedi irit
= 307kJmol! (3 sig fig) bllj;:gr naspin

| T
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==l 3.4E Worked

example

Find me in your
obook pro

(@) 3.4E Worked
example

Video
demonstration

Efficiency of combustion reactions

Energy efficiency is important to consider when combusting fuels to calculate their heat of
combustion. Using a spirit burner as an example, if energy is lost to the environment instead
of being used to heat the water, the enthalpy calculated in the combustion reaction will be
lower than expected. This is because the same mass of fuel is being used to heat the water to a
lower temperature, and therefore the experimental enthalpy will be lower than the theoretical
enthalpy from your data book.

This is referred to as the energy transformation efficiency. It is calculated by dividing the
experimental energy by the theoretical energy and expressing the answer as a percentage.
This value is the percentage of the energy in the combusted fuel that has been transferred
to the water. The remaining percentage is the energy that has been lost, typically to the

environment.
experimental energy or heat of combustion
theoretical energy or heat of combustion

x 100

%efficiency =

Worked example 3.4D shows you how to calculate energy efficiency. Once you are
confident with this calculation, have a look at how to use energy efficiency to calculate change
in temperature (Worked example 3.4E).

CALCULATING ENERGY EFFICIENCY

Refer to the data in Worked examples 3.4B and 3.4C to answer the following questions.
a Calculate the energy efficiency of both experiments.

b Determine which experiment was more energy efficient.

¢ Determine which experiment lost a greater amount of energy to the environment.

Solution

T S R S

Step 1: Find the theoretical heat of combustion = Ethanol: 1360k]mol™

values in your data book. Kerosene: 46.2k]Jg!
: ici . thal;
Step 2: Ca{lculate the energy efficiency of the 5 Uil eral) = t;:;;re;xn ﬂi:’y . 1(1)70
two experiments. 307 2
==1360 * 100
=23%

exp enthalpy ~ 100
theor enthalpy 1

_ —290
=g X 100

=63%

Y%efficiency(kerosene) =

Step 3: Compare the efficiency in the two b The kerosene experiment was more energy
experiments. efficient.
¢ The ethanol experiment lost more energy as
heat to the surrounding environment.
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Energy from food

Foods contain three main biomolecules: fats/oils, proteins and carbohydrates. Each of these

biomolecules contains an amount of energy per gram of biomolecule. As you learnt in

Chapter 2, when food is eaten, combustion of the food within your digestive system generates

chemical energy for bodily processes, such as muscle and organ function.

Table 2 shows the heat of combustion for these biomolecules.

The recommended energy intake for an adult is 8700Kk] per day.
It is important that you understand food packaging and nutritional
information, so that you can make informed decisions about your food
intake. The panel on the left-hand side of Figure 2 shows the nutritional
information on a packet of biscuits.

NUTRITION INFORMATION (Average) SERVING SIZE:
SERVINGS PER PACKAGE: 10 25 g (6 biscuits)
QUANTITY % DAILY INTAKE* QUANTITY

PER SERVING (PER SERVING) PER 100 g

ENERGY 493 Kk] 5.6% 1970K]
PROTEIN 2.0g 3.9% 79g
FAT, TOTAL 5.0g 7.2% 20.0g
- SATURATED 1.0g 4.1% 39¢g
CARBOHYDRATE 15.6¢g 5.0% 62.6g
- SUGARS 03g 0.4% 13g
SODIUM 212mg 9.2% 848g

*BASED ON AN AVERAGE ADULT DIET OF 8700 KJ.
ALL VALUES CONSIDERED AVERAGES UNLESS
OTHERWISE INDICATED

TABLE 2 Heat of combustion of biomolecules

Protein

Carbohydrate

Heat of combustion
()

Fats and oils

37
17
16

NUTRITION INFORMATION (Average)

SERVINGS PER PACK: 10

SERVING SIZE: 200 mL

QUANTITY % DAILY INTAKE* QUANTITY

PER SERVING
ENERGY 306 k]
PROTEIN 1.2¢g
FAT, TOTAL <1g
- SATURATED 0g
CARBOHYDRATE 18.0g
- SUGARS 16.6¢g
DIETARY FIBRE 0.4g
SODIUM 16 mg
VITAMIN C 40mg

(PER SERVING) PER 100 mL

4% 153K]

2% 0.6¢g

<1% <lg

0% Og

6% 9.0g

18% 83g

1% 02g

0.7% 8mg

100% RDI* 20 mg

*BASED ON AN AVERAGE ADULT DIET OF 8700 KJ.
ALL VALUES CONSIDERED AVERAGES UNLESS

OTHERWISE INDICATED

FIGURE 2 The nutritional information on a packet of biscuits (left) and a small carton of milk (right)

The nutritional information includes the quantities as a mass of each biomolecule per
serving, the percentage of your daily intake (percentage of 8700k]) and the mass per 100g
of food. If the food item is a liquid, such as milk or soft drink, the values change to mass per
volume quantity (see panel on the right-hand side of Figure 2).

Worked example 3.4F walks you through how to calculate energy from food products.

pov
.

bx¢
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Digestive
»

== 3.4F Worked
example

Find me in your
obook pro

A 3.4F Worked
example
Video
demonstration

FIGURE 3 Nutritional
information panels are
required, by law, on all
food and drink products.

CHAPTER 3 MEASURING CHANGES IN CHEMICAL REACTIONS 111



-
3.4 REAL-WORLD CHEMISTRY

FIGURE 4 One
medium-sized orange
contains 68 cal or
286].

What is a calorie?

Chemists and nutritionists have long argued over the term calorie. The calorie (cal),

used by chemists, is the energy calculated using specific heat capacity. It is defined as
the energy needed to raise the temperature of 1g of water by 1°C at 1atm. This is also

nicknamed the small calorie.

Nutritionists recognise a calorie as a Kilocalorie, the amount of heat required to

raise the temperature of 1kg of water by 1°C.

To distinguish between the two, food packaging uses a capital ‘C’ to refer to the
dietary calorie, while chemists use the abbreviation cal.

Luckily for chemists, the unit has been changed to joules (J) and kilojoules (KJ),

where 1 cal is equivalent to 4.2].

Apply your understanding

1 Construct a formula to convert a nutritionist’s calorie to a chemical calorie.

2 The recommended calorie intake is 2500 for men and 2000 for women. Determine

the number of kilojoules that this represents.

3.4 SKILL DRILL

Practise your skills

Comparing experimental and

theoretical heats of combustion

Key science skill: Analyse and
evaluate data and investigation
methods

A student measures the heat of

combustion of ethanol in a spirit burner

and records the following data in their

results table:

Mass of the water (g) 150.0
Initial temperature of the 16.2
water (°C)
Initial mass of the spirit 253.8
burner (g)
Final temperature of the 58.9
water (°C)

Final mass of the spirit 252.1

burner (g)

1

Using the mass of the ethanol,
calculate the theoretical energy that
should be transferred to the water.
Calculate the experimental energy
transferred to the water.

Calculate the energy efficiency of the
experiment.

Provide a reason for the difference
between the theoretical and
experimental results.

Identify whether this is a systematic
or random error. Justify your answer.
Evaluate the validity of this
experiment. Justify your answer.

Need help analysing and evaluating

data and investigation methods? See
Topic 1.8 (page 24).
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3.4 CHECK YOUR LEARNING

Describe and explain

1

Explain why heat of combustion of fuels cannot
be measured using a solution calorimeter.
Explain why the energy from impure fuels
cannot be measured in kJ mol .

Experimental data obtained from a spirit burner
may not be accurate, but it may be precise.
Explain why.

Apply, analyse and compare

4 A 1.25g sample of butane (C H, ) was burnt

using a spirit burner. The energy produced by
the flame was used to heat a beaker filled with
400 g of water. The starting temperature of the
water was 16.2°C and the final temperature was
38.5°C.
a Calculate the experimental heat of

combustion of butane in kf mol='.
b Calculate the percentage of energy lost in

the process, based on the theoretical heat of

combustion value of butane in your data book.
A 1.68 g sample of diesel was burnt using a spirit
burner. The energy produced by the flame was
used to heat a beaker filled with 750¢g of water.
The starting temperature of the water was
14.9°C and the final temperature was 36.4°C.
a Calculate the enthalpy of the diesel (kJg™).
b Calculate the percentage of energy lost in

the process based on the theoretical enthalpy

value of diesel in your data book.
A 200g block of parmesan cheese, with a serving
size of 25 g, contains:

27.2g/100g fat
0.6g/100g carbohydrates
32.7g/100 g protein.

OXFORD UNIVERSITY PRESS
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For each serving, calculate:

a the mass of each biomolecule
b the energy of each biomolecule
c the total energy
d

the energy as a percentage of the daily energy
intake (8700K]).

A 1.00L bottle of light milk, with a serving size
of 250mL., contains:

1.0g/100mL fat
4.6g/100mL carbohydrates
3.5g/100mL protein.
For each serving, calculate:
a the mass of each biomolecule
the energy of each biomolecule

the total energy

a e o

the energy as a percentage of the daily energy
intake (8700K]).

Design and discuss

8 Discuss the systematic errors and limitations of

the spirit burner experiment when determining
the heat of combustion of fuels.

Discuss the difference between drinking a cup of
milk or Red Bull in the morning before school.
Identify which provides you with more energy.

Milk Red Bull
(250mL) (250mL)
Fats (g) 8.8 0

Carbohydrates (g) 15.8 27.5

Assuming that carbohydrates are digested and
absorbed into the bloodstream at a faster rate

than fats and proteins, explain which drink
would provide longer energy release.
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Stoichiometry can be used to determine the mass or volume of a chemical species. This can be applied
to determine the mass of major greenhouse gases generated from combustion reactions.

Heat of combustion is used to calculate the heat energy released from combustion.

Specific heat capacity is a measure of the amount of heat energy (J) that it takes to increase the
temperature of 1g of water by 1°C.

The specific heat capacity of water, under ideal conditions, is 4.18]Jg'K! or 4.18 kJkg".

The change in temperature of water is a good indicator of energy released from combustion reactions.
Calorimetry is the technique of measuring the change in temperature of water caused by the heat energy
generated from a reaction.

Solution calorimeters measure the energy needed to increase the temperature of a solution by 1°C. Each
calorimeter requires a different amount of energy and so each one must be calibrated to determine its
calibration factor in J°C.

Once calibrated, reactions that produce aqueous solutions are conducted in the calorimeter. The
temperature change of the solution can be used to calculate the amount of energy, in joules, that was
absorbed or produced in the formation of products.

Combustion reactions cannot be contained within a solution calorimeter and so a liquid fuel is placed
in a pre-weighed spirit burner that is used to heat a known mass of water. The temperature increase is
measured, and the mass of the spirit burner is re-weighed to determine the mass of fuel used to generate
the temperature rise in the water.

The energy content of various serving sizes of food can be calculated as the number of kilojoules per
gram of each biomolecule within the food. These can also be calculated as a percentage of an adult’s
recommended daily dietary intake (8700K]).

m
=M
Molar volume (at SLC) n=1r=sre
1 _ _Imass
Density ~ volume

Energy from heat of combustion

g=AH°_Xnorq=AH°_ Xm

Specific heat capacity g=mXcxAT
Electrical energy in volts E=VxIxt

. . _E
Calibration factor CF =17

Heat (or enthalpy) of solution

A
("}
<
o
=
3
=8
Q
w

AH=%orAH=%
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Chapter checklist

Use the success criteria in the table below to rate how well you understand each concept as ‘Confidently’, ‘Mostly’
or ‘Not really’. If you’re not feeling confident about any of these skills or ideas, use the revision links to revisit them.

use mass—mass, mass—volume and volume—volume
stoichiometry in reactions involving the combustion of
fuels, including to determine heat energy released, reactant D D D Go back to Topic 3.1
and product amounts and net volume or mass of major
greenhouse gases

» use specific heat capacity of water to approximate the
quantity of heat energy released during the combustion of a Go back to Topic 3.2

known mass of fuel and food

» describe the properties of solution calorimetry, including
determination of the calibration factor and consideration of Go back to Topic 3.3
the effects of heat loss

* analyse temperature—time graphs obtained from solution .

. Go back to Topic 3.3
calorimetry

* calculate the energy transformation efficiency during the
combustion of fuels and food as a percentage of chemical Go back to Topic 3.4

energy converted to useful energy

e compare and calculate the energy values of foods containing

OO 0o .
OO 0o .
OO 0o .

carbohydrates, proteins and fats and oils Go back to Topic 3.4
Multiple choice 4C,H,N,0,1) - 12CO,(g) + 10H,0() @
1 Which of the following fuels is the most +6N,(8) + O,(®) AH = -5678 kmol !

sustainable? 3 If 10kg of nitroglycerin reacts, the mass of

A Ethanol greenhouse gases produced at SLC is closest to:

B Octane A 7.80kg

C Diesel B 0.96kg

D Kerosene C 5.82kg
2 4.20g of butane (AH = —2880 k] mol ", D 7.80g

M = 58gmol™) underwent complete 4 The energy (KJ) produced from 10kg of

combustion to heat an unknown mass of water. nitroglycerin is:

If the temperature of the water increased by A 62335

62°C, the mass of the heated water was: B 62.3

A 1.24¢g C 15584

B 0.805¢g D 250116

C 97x107°g Questions 5 and 6 refer to the following data.

D 805¢g A student experimentally determined the molar
Questions 3 and 4 refer to the following data. heat of combustion of ethanol (M = 46.0gmol?)
Nitroglycerin undergoes explosive decomposition  using the equipment shown in Figure 1
according to the following reaction: (next page).
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Clamp
Thermometer
\ Bosshead
Metal loop stirrer
Metal can
i — =
Water

Retort stand

Ethanol

FIGURE 1 A spirit burner records the energy change in a
combustion reaction.

The following data was recorded:
Mass of the water in the metal can = 80.0g
Initial mass of the spirit burner = 125.40¢g
Initial temperature of the water = 17.8°C
Final mass of the spirit burner = 124.55¢g
Final temperature of the water = 38.9°C
5 The molar heat of combustion of ethanol is:

A 381845.5k]mol™!

B 704.0kJmol!

C 381.8kJmol™!

D 8.30k]mol™!

6 The spirit burner has an energy efficiency
below 100% because:
A heat energy is absorbed from the
surrounding environment.
B heat energy is lost to the surroundings.
C the water loses thermal energy as steam.

D the wick of the spirit burner is too close to
the base of the metal can.

7 The complete combustion of methanol
occurs according to the following equation:
2CH,OH() +30,(g) —» 2CO,(g) +4H,0()

AH = -1452kJmol™

Heat-proof mat

This means that:

A completely combusting 1.0 g of liquid
methanol produces 1452 K] of energy.

B 2.0mol of liquid methanol produces
726 k] of energy.

C 1.0mol of liquid methanol produces
1452K]J of energy.

D completely combusting 1.0 g of liquid
methanol produces 22.69 k] of energy.

8 Sodium hydroxide and nitric acid react

according to the following equation:
NaOH(aq)+HNO,(aq)— NaNO, (aq)+H,0())
A 60mL solution containing 0.5 M of NaOH
is reacted in a calorimeter with 40 mL of
0.75 M HNO,. The calorimeter has been
calibrated and found to have a calibration
factor of 14J°C-!; the temperature of the
reaction increased by 8.9°C. The heat of
neutralisation (in kJmol™) is:

A 4153

B 2077

C 4.15

D 2.08

9 A 500g block of tasty cheese contains

34.7g/100g fat, 0.8 g/100 g carbohydrates and
24.8g/100g protein. What percentage of an
adult’s dietary intake (8700Kk]) does 50g of
tasty cheese constitute?
A 19.75%
B 4.94%
C 9.74%
D 9.88%

10 A calorimeter is calibrated by applying
a voltage of 5.6V for 3.00 minutes. The
current recorded during the calibration was
2.6 A and the temperature increase of the
water was 0.875°C.

The calibration factor of the calorimeter is:
A 2995.2]J°C!

B 2995.2kJ°C!

C 49.92]°C*

D 49.92kJ°C!
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Short answer
Describe and explain

11 Define the term specific heat capacity.

12 Explain whether a molecule with stronger
intermolecular interactions than water would
have a higher or lower specific heat capacity.

13 Explain whether the calibration factor
calculated in an uninsulated calorimeter
would be higher or lower than in an insulated
calorimeter.

14 Identify the most likely reasons moisture-free
wood has a higher enthalpy than regular
firewood.

Apply, analyse and compare

15 Compare a solution calorimeter with a
spirit burner.

16 Calculate the molar heat of solution, in
kJmol™', of magnesium nitrate (Mg(NO,),)
when a 0.72 g sample of the salt is added
to 123 g of water in a calorimeter and a
temperature rise of 53°C is measured.

17 A 10.9 g sample of ethanol (C,H,O) was
burnt in a spirit burner to heat a beaker
filled with 320 g of water. The starting
temperature of the water was 277 K and the
final temperature was 72°C. Calculate the
heat of combustion of the fuel in kJmol.

18 Calculate the energy released when 2.50kg
of propane is burnt in excess oxygen at SLC.

19 A 0.73 g sample of propan-1-ol (C;H,O)
was burnt using a spirit burner. The energy
produced by the flame was used to heat a
beaker filled with 120g of water. The starting
temperature of the water was 17.6°C and the
final temperature was 42.9°C.

a Calculate the experimental heat of
combustion of propan-1-ol in k] mol.

b Calculate the energy efficiency of the
process if propan-1-ol has a theoretical
heat of combustion value of 2021 kJmol.

20 A 425¢g can of tuna in springwater, with a
serving size of 69 g, contains 1.0g/100g fat,
0.5g/100 g carbohydrates, and 25.7g/100g
protein.

For one serving, calculate:

a the mass of each biomolecule

b the energy of each biomolecule

c the total energy

d the energy as a percentage of the daily
energy intake (8700Kk]).

21 A 2.00L bottle of full-cream milk contains
3.4g/100mL fat, 4.4g/100mL carbohydrates,
and 3.4 g/100mL protein.

For one serving of 250 mL, calculate:
a the mass of each biomolecule

b the energy of each biomolecule

¢ the total energy
d

the energy as a percentage of the daily
energy intake (8700Kk]).

Design and discuss

22 Discuss how you might determine whether
incomplete combustion has occurred using a
spirit burner. Identify how you could modify
the method to avoid incomplete combustion.

23 Discuss the difference in enthalpy values
between ethane and ethanol from your data
book and account for this difference.

You can find the following resources for this section in your obook pro:

Quizlet @ Chapter quiz
Compete in teams or against yourself to test your knowledge. Test your understanding of Key Knowledge in this chapter.
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Primary galvanic
cells and fuel cells

CHAPTER

KEY KNOWLEDGE

redox reactions as simultancous oxidation and reduction processes, and the use
of oxidation numbers to show the transfer of electrons from a reducing agent,
oxidising agent and conjugate redox pairs
the writing of balanced half-equations (including states) for oxidation and
reduction reactions, and the overall redox cell reaction in both acidic and basic
conditions
the common design features and general operating principles of non-rechargeable
(primary) galvanic cells converting chemical energy into electrical energy,
including electrode polarities and the role of the electrodes (inert and reactive) and
electrolyte solutions
the use and limitations of the electrochemical series in designing galvanic cells
and as a tool for predicting the products of redox reactions, for deducing overall
equations from redox half-equations and for determining maximum cell voltage
under standard conditions
the common design features and general operating principles of fuel cells, including
the use of porous electrodes for gaseous reactants to increase cell efficiency
the application of Faraday’s LLaws and stoichiometry to determine the quantity of
galvanic or fuel cell reactant and product, and the current or time required to either
use a particular quantity of reactant or produce a particular quantity of product
contemporary responses to challenges and the role of innovation in the design
of fuel cells to meet society’s energy needs, with reference to green chemistry
principles: design for energy efficiency; and use of renewable feedstocks

Source: VCE Chemistry Study Design (2023-2027) reproduced by permission © VCAA

FIGURE 1 Disposable household batteries are a type of primary galvanic cell.
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GROUNDWORK

In Chapter 4, you will learn about redox reactions and their applications in
industry and everyday life, including primary galvanic cells and fuel cells as

sources of energy.

This chapter will build on
Unit 2. So, before you begin

concepts you have already learnt in Chapter 2 and
the chapter, test yourself on the following questions

to make sure you remember the basics.

4A Explain what a redox reaction is. 4C Describe how biomass can be

_ 4A Groundwork resource
Redox reactions

used to produce fuels.

_ ) 4C Groundwork resource
Biofuels

4B Explain what oxidising and
reducing agents are and how you
would be able to identify them.

Oxidising and reducing agents

\
-
4B Groundwork resource

PRACTICALS

4.4A

PRACTICAL:
CONTROLLED EXPERIMENT

4.4B

PRACTICAL:
SIMULATIION

4.7

PRACTICAL:
LITERATURE REVIEW

OXFORD UNIVERSITY PRESS

How can we verify the electrochemical @
series using galvanic cells?

Can you accurately predict cell voltage in

a galvanic cell? Page 505

Why are hydrogen fuel cells not widely
used?
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redox

a chemical reaction
involving the transfer
of electrons from one
reactant to another

reduction
a process in which
electrons are gained

oxidation
a process in which
electrons are lost

Study tip

The abbreviation

OIL RIG is useful

for remembering

the movement of
electrons in oxidation
and reduction. It
stands for ‘Oxidation
Is Loss’ and ‘Reduction
Is Gain’.

oxidation number
the degree of
oxidation of a
chemical species that
indicates the number
of electrons gained or
lost by the species to
bond in a compound;
also known as
oxidation state

=R 4.1A Worked
example
Find me in
your obook pro

| T ——

= 4.1AWorked |
@ example :
q Video :
. demonstration |
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Redox reactions

KEY IDEAS

In this topic, you will learn that:

+ aredox reaction involves the transfer of electrons from one species to another

+ oxidation (loss of electrons) and reduction (gain of electrons) occur simultaneously

+ oxidation numbers are used to identify the oxidising agent and the reducing agent

+ a conjugate redox pair consists of the oxidising agent and its conjugate reducing agent, or
the reducing agent and its conjugate oxidising agent.

In Unit 2, you were introduced to redox reactions. You may remember that they involve the
transfer of negatively charged valence electrons between chemical species. This is like a financial
transaction — when a substance loses one or more electrons, another substance accepts them.

Redox reactions

Redox is an abbreviation for two electron-transfer reactions that occur simultaneously.
These reactions are called reduction and oxidation.

¢ Ogxidation occurs when a chemical species
Loss of electron (oxidation)

| |
® @ +

Gain of electron (reduction)

loses one or more electrons.

¢ Reduction occurs when a chemical species
gains one or more electrons.
As one reactant loses one or more electrons,
the second reactant gains them to form
new products. In Figure 1, species A has e
lost an electron and has therefore undergone
oxidation. Species B has gained an electron, so
it has undergone reduction. The redox reaction

FIGURE 1 An electron is transferred from A to B to
form a positive cation (A*) and negative anion (B-).
forms the ionic compound AB.

Oxidation numbers

When an atom gains one or more
TABLE 1 Changes to atoms during redox reactions

[ Reustion [(Ositasion |

electrons, it is reduced and gains a
negative charge; its oxidation number

decreases. On the other hand, a loss of Electrons are ... gained lost
electrons is oxidation; the atom gains a Atoms gain a ... charge  negative positive
positive charge and its oxidation number Oxidation number ... decreases increases

increases. This is summarised in Table 1.

We can identify the number of electrons transferred between the reducing agent and the
oxidising agent using oxidation numbers (or oxidation state). They help determine the total
number of electrons that have been gained or lost to form a new product. They do not always
represent the charge of individual chemical elements but are used as an indicator of how many
electrons an atom has.

Oxidation numbers can be calculated for neutral elements, charged ions and covalent
molecules. Table 2 outlines the rules for assigning oxidation numbers to different
chemical species. Revisit how to determine oxidation numbers using Worked example 4.1A.
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TABLE 2 Rules for assigning oxidation numbers

Elements and elemental molecules have O,, F,, He, Fe, Zn, Li

an oxidation number of 0.

Certain elements have common *  Group 1 metals (Li*, Na*, K*) are always +1.

oxidation numbers when they are present | «  Group 2 metals (Mg?*, Ca?*, Sr?*, Ba?") are always +2.

in compounds. » Hydrogen is +1 (except in metal hydrides, such as LiH,

where it is —1).
* Oxygen is -2 (except in peroxide, H,0O,, where it is —1).
For monoatomic ions, the oxidation Cu?* has an oxidation number of +2.

number is given by the charge on the ion. ' Na* has an oxidation number of +1.

In polyatomic ions, the sum of the In PO 43*, the sum of the individual oxidation numbers is —3,
soP+ (4 x O) =-3.

Oxygen is —2 and phosphorus is +5. Substituting the

oxidation numbers is equal to the charge
of the ion.

numbers into the equation: 5 + (4 X —2) = -3.
In a neutral compound, the sum of HCl is a neutral compound and has an oxidation number
oxidation numbers is equal to 0. of 0. Because hydrogen is +1, chlorine must be —1.
The most electronegative element has a NO, is a neutral compound. Oxygen is more electronegative
negative oxidation number. and therefore has a negative oxidation number. Oxygen is —2
and 2 X —2 = —4. The sum of the oxidation numbers is 0, so

nitrogen has an oxidation number of +4.

Oxidation numbers of transition metals

Transition metals, such as iron, have multiple oxidation states. This is also true of some

non-metals, such as sulfur. These oxidation numbers are represented as roman numerals

in brackets after the atom. They are also used in the name of ionic compounds. Examples

include:

e copper, which has an oxidation number of +1 or +2 (rarely +3). Therefore, it can form
Cu(I) or Cu(Il). When naming copper in copper sulfate, it is either copper(I) sulfate or
copper(II) sulfate.

e iron, which has an oxidation number of +2 or +3. Therefore, it is named Fe(II) or Fe(III).
When naming iron in iron nitrate, it is either iron(II) nitrate or iron(III) nitrate.

If there is no rule for an atom, then its oxidation number must be determined using other
atoms in the chemical species, as shown in Worked example 4.1B.

Identifying redox reactions

For a chemical reaction to be a redox reaction, both oxidation and reduction must be
occurring. This means that one chemical species must be losing one or more electrons,
while another gains one or more electrons. Redox reactions can only occur when an
oxidising agent and reducing agent are present.

An oxidising agent:
e is responsible for causing oxidation
e isitself reduced in the redox reaction (gains electron(s)).

A reducing agent:
* is responsible for causing reduction

e s itself oxidised in the redox reaction (loses electron(s)).
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== A 4.1B Worked
example

@ 4.1B Worked

Study tip

Charges are written
with the symbol after
the number; e.g., AP,
Oxidation numbers
are written with the
+ or - symbol before
the number; e.g. AB*
has an oxidation
number of +3.

______________

e DS U

: Find mein
. your obook pro

_______________

______________

example
: Video
: demonstration

_______________

oxidising agent
areactant species
that causes another
to lose electrons and
be oxidised; is itself
reduced

reducing agent
areactant species
that causes another
to gain electrons and
be reduced; is itself
oxidised
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4.1 Real-world
chemistry

. Find mein
: your obook pro

conjugate redox
pair

two chemical species
that differ by the
number of electrons
that are transferred
in the redox reaction

Study tip

Two species in a
conjugate redox
pair differ by the
number of electrons
transferred in the

To identify a redox reaction, you can use oxidation numbers to help determine whether
electrons have been gained and lost. Once you are confident with assigning oxidation
numbers and identifying the redox half-equations, apply your understanding to corrosion of
the Statue of Liberty in Real-world chemistry 4.1.

Identifying conjugate redox pairs
Each oxidising and reducing agent involved in a redox reaction will have its own conjugate
redox pair. This consists of the oxidising agent (reactant) and its conjugate reducing agent
(product), or the reducing agent (reactant) and its conjugate oxidising agent (product).

The two species in a conjugate redox pair sit on opposite sides of the reaction arrow. They
differ by one or more electrons, depending on how many electrons are transferred in the
redox reaction.

In Figure 2, species A is the reducing Conjugate redox pair

agent because it has lost an electron. Its | I

. T . . . Conjugate
. Red: t
conjugate oxidising agent is the A* cation, educing agen oxidising agent

which has the ability to gain an electron
(undergo reduction). Species B is the

Q
OO © @
K

redox reaction. oxidising agent because it has gained an

€ Conjugate
Oxidising agent reducing agent
the B~ anion, which has the ability to lose | |

an electron (undergo oxidation). The
conjugate redox pairs in this reaction are
A/A* and B/B-.

Worked example 4.1C walks you through how to identify conjugate redox pairs.

electron. Its conjugate reducing agent is

Conjugate redox pair

FIGURE 2 Conjugate redox pairs differ by one electron.

Study tip

If you are asked

to identify a redox
reaction in an exam
question, consider the
oxidation numbers of
hydrogen and oxygen
first. Hydrogen is
always +1, except in
metal hydrides (e.g.
NaH), where it is -1.
Oxygen is always -2,
except in peroxide
(H,0,), where itis -1.

FIGURE 3 The Fe** and Fe’* ions are conjugate redox pairs because they differ by one electron. They also differ
in colour.

ST

4.1C WORKED EXAMPLE

IDENTIFYING CONJUGATE REDOX PAIRS
Consider the following chemical equation:
H,0() + SO,(g) +1,(g) - H,SO,(aq) + 2HI(aq)
Identify the oxidising and reducing agents, by assigning oxidation numbers to all atoms according to the
rules in Table 2. Then, identify the conjugate redox pairs.
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Solution

Think

Step 1: Determine the sum of all
oxidation numbers.

Step 2: Using the number of atoms that
make up the compound, write an equation
to calculate the oxidation numbers.

Step 3: Find the missing oxidation
numbers.

Note: Oxygen is always —2 (unless in
hydrogen peroxide) and hydrogen is
always +1 unless in a metal hydride.

Step 4: Write the oxidation numbers
on the top of each atom in the chemical
equation to help identify the oxidising

agent and reducing agent.

Step 5: Identify the conjugate redox pairs.

4.1 CHECK YOUR LEARNING

Do
Reactants side: Products side:
H,O0 is a neutral compound, so the H,SO, is a neutral compound, so the
sum of its oxidation numbers is zero. sum of its oxidation numbers is zero.

SO, is a neutral compound, so the sum = HI is a neutral compound, so the sum
of its oxidation numbers is zero. of its oxidation numbers is zero.

I, is a molecular element, so it has an

oxidation number of zero.

@xH)+(0)=0

$)+2x0)=0 CxH)+(S)+@x0)=0
@2xI)=0 EH+D=0

2x+1)+(2)=0

H=+1and O =-2

®+2x-2)=0 Cx+D)+(S)+@x-2)=0
S+EH=0 @+ +8=0

S=+4 S=+6

2xD=0 #FH+D=0

I=0 =—1

+1-2 +4-2 0 +1+6—2  +1-1

H,0(1) + SO,(g) +I,(aq) —» H,SO (aq) + 2HI(aq)
Iodine undergoes reduction, as its oxidation number decreases from 0 to —1.
It causes another reactant to lose electrons, and is therefore the oxidising agent.

Sulfur undergoes oxidation, as its oxidation number increases from +4 to +6.
It causes another reactant to gain electrons, and is therefore the reducing agent.

The conjugate redox pairs are I/I" and SO,/SO,*.

00

Describe and explain e NaOH

1 Define oxidation number. f H,O,

2 Explain what happens to oxidation numbers in g NaH
reduction reactions. h PO/~

3 Describe the processes of reduction and 5 Determine the oxidising and reducing agents
oxidation, and explain how they are related. in the following chemical equations. Use their

Apply, analyse and compare

4 Determine the oxidation numbers of the atoms in

OXFOR

the following chemical substances.
a O

2

b NO,
c SO
d CH,COO-

D UNIVERSITY PRESS

oxidation numbers to justify your answers.
a 2Fe(OH),(aq) + 30CI (aq) —
2Fe0,* (aq) +3Cl (aq) + H,O() + 4H*(aq)
b Fe**(aq) + 6H'(aq) + VO, *(aq) —
Fe’*(aq)+VO?**(aq) + 3H,0()
¢ Cr,0,*(aq) + 16H*(aq) + C,H,OH(l) —
4Cr* (aq) + 2CO,(g) + 11H,0()

6 Identify the conjugate redox pairs in Question 5.
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half-equation

an equation which
represents half of a
redox equation and
is either an oxidation
or reduction half-
equation; it shows
electron transfer

overall equation
an overall redox
reaction that
combines the two
half-equations after
electrons have
been balanced and
cancelled out

spectator ion
anion that exists

in the same form

on the reactant side
and product side of
aredox reaction;
there is no change in
its oxidation number
or state

Study tip

Draw a line down the
middle of the word
redox: red | ox. ‘Red’
is on the left-hand
side, so for reduction
reactions, the
electrons appear on
the left side of the
reaction arrow. ‘Ox’ is
on the right-hand side,
so for oxidation, they
appear on the right
side of the arrow.
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Half-equations and overall

equations

KEY IDEAS
In this topic, you will learn that:

+ oxidation and reduction reactions can be expressed using simple half-equations

+ oxidation and reduction reactions in acidic and basic conditions can be expressed using
complex half-equations

+ oxidation and reduction half-equations can be combined to develop an overall redox equation.

Redox equations can become complicated due to the number of chemical species involved.
For this reason, they are balanced in half-equations, where the oxidation equation is
represented as one half-equation and the reduction equation is represented as the second
half-equation. These equations are then combined to form an overall redox equation.

These equations show the chemical species that participate in the redox reaction. All other
species act as spectator ions, which do not participate in electron transfer and are therefore
not included.

Half-equations

Every redox reaction is made up of two half-reactions. The oxidation half-equation shows
an atom losing electrons, while the reduction half-equation shows an atom gaining electrons.
To properly balance overall redox equations (which you will look at later), it is essential to
represent the electrons in the half-equations.

Simple half-equations

Simple half-equations are straightforward to balance. Remember from Units 1 and 2 that
each half-equation will show the conjugate redox pair and the electrons being transferred.
Let’s look at the reaction between copper(II) sulfate and zinc metal below, with oxidation
numbers assigned. In this case, it is easier to deal with sulfate when its oxidation number is
equal to its charge of —2.

+24+2-2 0 0 +2+42-2
CuSO,(aq) + Zn(s) — Cu(s) + ZnSO,(aq)

Copper is reduced because its oxidation number has decreased. Cu?*(aq) has gained two
electrons to become Cu(s). The electrons are shown on the left-hand side of the reaction
arrow to balance the 2+ charge. Therefore, the half-equation is:

Cu?*(aq) + 2e~ = Cu(s)

Zinc is oxidised because its oxidation number has increased. Zn(s) has lost two electrons to
become Zn?*(aq). The electrons are shown on the right side of the reaction arrow to balance
the 2+ charge. Therefore, the half-equation is:

7Zn(s) —» Zn*(aq) + 2e”

Sulfate is a spectator ion since its oxidation number and state are the same on both sides of

the equation. Therefore, it is excluded from the half-equations.
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Complex half-equations

Often, redox half-equations cannot be balanced by simply adding electrons. In the case of more

complex half-equations, where hydrogen or oxygen is included, the balancing of equations complex

follows the KOHES method. Complex redox reactions occur in acidic or basic conditions. half-equation

In acidic conditions, the following steps are used (see Worked example 4.2A):

K — Balance the key elements (everything except oxygen and hydrogen).

O - Balance the oxygen by adding H,O(l) molecules to the opposite side. Each water

molecule contains one oxygen atom.

H - Balance the hydrogen by adding H*(aq) ions to the opposite side.

E — Balance the charge by adding electrons to one side.

S — Assign states to all reactants and products except electrons, which have no state.

In basic (alkaline) conditions, add the following steps (see Worked example 4.2B):

Identify the number of H* ions and add the same number of hydroxide (OH-(aq)) ions to

both sides of the equation.

On the side that has both H" and OH" ions, combine these to form water (H,O(1))
molecules: H*(aq) + OH (aq) — H,0()

Cancel out the water molecules so that only one side of the equation has them.

Note: The overall charge on each side of the reaction arrow remains the same.

4.2A WORKED EXAMPLE

WRITING COMPLEX HALF-EQUATIONS IN ACIDIC CONDITIONS

Complete the half-equation for the permanganate ion (MnO,") forming a manganese

ion (Mn?") in acidic conditions and deduce whether this is an oxidation or reduction

half-equation.

Solution

MnO, (aq) = Mn**(aq)

T T

Step 1: Balance the key elements.

Step 2: Balance the oxygen by
adding H,O molecules to the
opposite side.

Step 3: Balance the hydrogen
by adding H" ions to the opposite
side.

Step 4: Balance the charge by
adding electrons to one side.

Step 5: Add states to all reactants
and products except electrons,
which have no state.

Step 6: Identify whether the

reaction is oxidation or reduction.

OXFORD UNIVERSITY PRESS

There is one manganese atom on the left and one on the
right. Key elements are already balanced.

MnO, (aq) — Mn**(aq)
There are four oxygen atoms on the left, so we add four
H,0 molecules to the right.
MnO, (aq) - Mn**(aq) + 4H,0
There are eight hydrogen atoms on the right, so we add eight
H* ions to the left.
MnO, (aq) + 8H* - Mn?*(aq) + 4H,0
The total charge on the left is —1 (for MnO,") plus +8 (for

8H") = +7. The total charge on the right is +2 (for Mn?*) plus
0 (for H,0) = +2. We need 5e on the left, since 7 -5 = +2.

MnO, (aq) + 8H' + 5e” — Mn**(aq) + 4H,0
MnO, (aq) + 8H*(aq) + Se” — Mn**(aq) + 4H,O(D)

Electrons are gained, so this is a reduction half-equation.

a half-equation for
an oxidation and
reduction equation
that occurs under
acidic or basic
conditions

Study tip

Remember to include
states for all species
in a redox equation
(e.g (8, U, (@) -
except for electrons,
which do not have

a state.

Study tip

You can look at
either the change in
oxidation number or
the side of the
half-equation that
the electrons are

on to determine
whether it is an
oxidation or reduction
half-equation.
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Study tip

Be careful to check
whether the redox
reaction is occurring
in acidic or basic
conditions. In basic
conditions, you will
need to follow the
extra steps.

4.2B WORKED EXAMPLE

WRITING COMPLEX HALF-EQUATIONS IN BASIC CONDITIONS

Complete the half-equation for ethanol (CH,CH,OH) forming carbon dioxide (CO,)
in basic conditions and deduce whether this is an oxidation or reduction half-equation.

Solution

Think

Step 1: Balance the key
elements.

Step 2: Balance the oxygen by
adding H,O molecules to the
opposite side.

Step 3: Balance the hydrogen
by adding H" ions to the
opposite side.

Step 4: Balance the charge by

adding electrons to one side.

Step 5: Add states to all
reactants and products except
electrons, which have no state.

Step 6: Identify the number
of H* ions and add the same
number of hydroxide ions to
both sides of the equation.
Step 7: On the side which
has both H* and OH" ions,
combine them to form water

molecules.

Step 8: Cancel out the water
molecules so that only one side
of the equation has them.

Step 9: Identify whether the
reaction is oxidation or
reduction.
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CH, CH,OH(aq) = CO,(g)

Do

There are two carbon atoms on the left and one on the right.

We need to add a coefficient to the right side.
CH,CH,OH(aq) — 2CO,(g)

There is one oxygen atom on the left and four on the right, so

we add three H,O molecules to the left.

CH,CH,0H(aq) + 3H,0 — 2CO,(g)

There are 12 hydrogen atoms on the left, so we add 12H* ions

to the left.

CH,CH,OH(aq) + 3H,0 — 2CO,(g) + 12H*
The total charge on the left is 0 (for CH,CH,OH) plus 0
(for 3H,0) = 0. The total charge on the right is 0 (for 2CO,)
plus +12 (for 12H*) = +12. We need 12e~ on the right, since

+12-12=0.

CH,CH,OH(aq) + 3H,0 — 2CO,(g) + 12H* + 12¢"
CH,CH OH(aq) + 3H,0(l) - 2CO (g) + 12H*(aq) + 12¢"

Ethanol is a base, so we need to follow the next steps to

balance the half-equation.

There are 12 H* ions, so we add 12 OH™ ions to both sides.
CH,CH,OH(aq) + 3H,0(l) + 120H(aq) —
2CO,(g) + 12H*(aq) + 12e” + 120H (aq)

There are 12 H* and OH ™ ions on the right, so we combine

them to make 12H,O.

CH,CH ,OH(aq) + 3H,0()) + 120H"(aq) >

2CO,(g) + 12H,0() + 7e"

There are three H,O molecules on the left and 12H,0
molecules on the right, so we remove three from each side.

CH,CH OH(aq) + 120H~(aq) — 2CO,(g) + 9H,O() + 7e"

Electrons are lost, so this is an oxidation half-equation.
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4.2C Worked
example

- Find me in

g your obook pro

Overall redox equations

When the oxidation and reduction half-

equations have been identified, they can
be combined to form an overall redox
equation. To do this, both half-equations
must have the same number of electrons

_______________

29 4.2C Worked
example
Video
demonstration

so that they can cancel out in the final
equation. You can see this in Worked
example 4.2C.

FIGURE 1 Before combining the half-equations,
the electrons must made equal and cancelled out.

Writing overall equations using complex half-equations

Butan-1-ol (CH,CH,CH,CH OH) is oxidised to butanoic acid (CH,CH,CH,COOH)
in a solution of acidified sodium dichromate (Na,Cr,O,) according to the following
half-equations.

Cr,0.° (aq) + 14H*(aq) + 6e~ — 2Cr’**(aq) + 7H,0())
CH,CH,CH,CH,OH(aq) + H,0(l) - CH,CH,CH,COOH(aq) + 4H*(aq) + 4e"
Combine the half-equations and write the balanced overall equation for the

reaction.

4.2 CHECK YOUR LEARNING

Describe and explain

5 Identify the oxidising and reducing agents in
1 Describe what all oxidation half-equations have each reaction from Question 4.

in common. Desi d di
. . . esign an ISCUSS
2 Describe what all reduction half-equations have g

in common. 6 Copper found in ancient burial sites has

been dated as early as 9000 BC. Investigate
how copper was smelted in ancient times in
comparison to today. Communicate the key

3 Explain why overall redox equations must have
the same number of electrons on the reactant and

product sides. ) .
differences in the processes.

Apply, analyse and compare 7 Research tarnished silverware and communicate

4 Write the half- and overall equations for the a procedure for cleaning the silverware using
following reactions and balance the overall redox chemistry. You must include chemical
equations, remembering to identify the equations in your method.

half-equations as reduction or oxidation.
Fe(s) + Cl,(g) — FeCl,(s)

b S(s) + F,(g) —» SF (&)

¢ N,(g + Cl(2) - N,Cl,(2)

d CO,(g)+H,00 - C,H 0 (aq) + O,(g)

o
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electrochemical
cell

a device in which
electrical energy can
be generated from
chemical energy, or
chemical energy from
electrical energy

galvanic cell
atype of
electrochemical cell
where the redox
reaction is separated
into reduction and
oxidation half-cells;
these are connected
using a circuit to
generate electricity

half-cell

the component of

a galvanic cell that
contains either the
oxidation or reduction
redox reaction

FIGURE 2 The set-up
of a laboratory-based
galvanic cell
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Features of non-rechargeable

galvanic cells

KEY IDEAS
In this topic, you will learn that:

+ galvanic cells produce electrical energy from chemical energy
+ single-use batteries are primary galvanic cells.

When negatively charged electrons are transferred [0%F

between chemical species in a redox reaction,
energy is released. With the correct set-up, the
chemical energy can be converted into electrical
energy. Electrical energy can also be converted
into chemical energy. These processes occur
within devices called electrochemical cells.

Electrochemical cells in which chemicals are
used to generate electricity are called galvanic
cells. You encounter galvanic cells every day, in
the cells and batteries that power many of your
electronic devices. In this topic, we will explore
how non-rechargeable batteries work.

Galvanic cells

FIGURE 1 Chemical energy is converted to
electrical energy in non-rechargeable batteries.

In a galvanic cell, a spontaneous (occurring naturally, without energy input) redox reaction

occurs to produce electrical energy. The oxidation and reduction half-reactions occur in

separate electrochemical cells, called half-cells. One cell produces electrons (the site of

oxidation) and the other consumes them (the site of reduction). The cells are connected by

wires through which a current can pass, like in an electric circuit.

Galvanic cells consist of several key features:
e half-cells — containing the redox reactants and products

e electrodes — metals that act as the anode and cathode

e an external circuit — consisting of wires (through which electrons move) and a voltmeter

e an internal circuit — consisting of a salt bridge (through which ions move)

Let’s look at each feature and their role in a galvanic cell in more detail.
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Half-cells

In a galvanic cell, two redox half-reactions

are contained within separate half-cells. In
laboratory-based galvanic cells, the half-cells
consist of a beaker that contains an electrolyte
solution and an electrode. The electrode

can be an inert (unreactive) substance, such

as carbon/graphite (C) or platinum (Pt), or a
potentially reactive metal of the solution (e.g. a
copper electrode in a copper(Il) sulfate (CuSO,)
solution) (Figure 3). It conducts electricity into
or out of a half-cell.

Cu?(aq)
SO,*(aq)

Half-cells are represented as the metal
and the metal ion. In Figure 3, the metal of
the solution is used, so the half-cell is Cu(s)/
Cu?*(aq), the conjugate redox pair. If an
inert electrode is used, the half-cell is
represented as C(s)/Cu?*(aq) or Pt(s)/Cu?*(aq).

. ] FIGURE 3 A copper half-cell containing
The spectator ions do not react and are typically

copper metal (Cu(s)) and a solution of
copper(II) sulfate (Cu®*(aq) and SO,*~(aq)).
The SO *(aq) is a spectator ion.

not represented in equations.

Oxidation half-cell

When a galvanic cell is in operation, half-reactions occur in each half-cell. One reaction
produces electrons. This occurs in the oxidation half-cell.

During the oxidation of a solid metal, the metal oxidises and breaks down in the
solution to form a metal ion. The electrode must supply the reactant for the reaction (the
reducing agent), so it needs to be a reactive electrode made of the metal itself. It cannot
be made of an inert substance.

However, you do not always need to use a reactive metal electrode. Some cells involve
oxidation of gases or aqueous ions. One example is the oxidation of iron(III) to iron(II).
Using an electrode made of solid iron will cause an additional reaction between iron(II)
and the solid iron, so the electrode must be inert.

Fe’*(aq) + e~ — Fe?**(aq)
Fe?*(aq) + 2e~ — Fe(s)

In the oxidation half-cell, the cations become dissolved in the electrolyte solution.
You will understand the role of the electrolyte solution better once you learn about the
internal circuit.

Reduction half-cell

The other reaction consumes electrons. This occurs when the ions in the solution gain
electrons to form a solid metal. This is the reduction half-cell.

The metal formed will plate (cover) the electrode because the electrode is the site of the
reaction. Because the electrode will not break down in this half-cell, it can be made of an inert
substance.

While the electrode often supplies the reducing agent in the oxidation half-cell, the
electrolyte solution supplies the reactant (the oxidising agent) in the reduction half-cell.

For example, the electrolyte solution must contain Cu?* ions in a Cu(s)/Cu?*(aq) half-cell.
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electrolyte
solution

an aqueous solution
containing ions

electrode

a strip or rod that
conducts electricity;
this is the surface on
which the oxidation or
reduction reactions
occur

inert electrode
an electrode in a
half-cell that does
not participate in the
reaction-i.e.itis
neither a reactant
nor product

reactive electrode
in a half-cell, an
electrode that
participates in the
reaction andis
oxidised during the
discharge reaction

Study tip

Reactants are kept
separate (in two
half-cells) because
when they are in
direct contact, they
react violently in an
exothermic reaction
and produce a large
amount of heat
energy, instead of
electrical energy.
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Electrodes

anode The electrodes that are used in the half-cells are called the anode and the cathode.
the negatively . . c e .
charged electrode Oxidation occurs at the anode. Oxidation is the loss of electrons (OIL) from a reactant.

As electrons are generated at the surface of the anode, the anode has a negative charge. In an

catho‘_“_’ oxidation reaction, electrons are lost as the reactive metal anode breaks down to form positive
the positively charged . . . . . ..
clectrode metal cations. Over time, the concentration of metal ions in the solution increases.
Reduction occurs at the cathode.
Study tlp Reduction is the gain of electrons (RIG) by
An easy way to a reactant. Electrons are consumed at the
remember that cathode and the surface of the cathode is

reduction occurs at
the cathode is to use
the acronym RED CAT. Charges at the anode and cathode are
The anode is where
oxidation occurs, so
the acronym is AN OX. . .
Galvanic cells involve EXte rnal Circu |t
AN OX and a RED CAT.

positively charged.

often referred to as electrode polarity.

Electrons are produced at the negative anode
and then move to the positive cathode, where
they are consumed. This generates a current.
The current flows through an external
circuit which connects the electrodes.
electrode polarity  This consists of wires and a voltmeter

the charge of an (or multimeter). The voltmeter measures
electrode .
the voltage (in volts, V) generated by the
external circuit galvanic cell when current flows from the
RS FIGURE 4 Connecting wires are very important
the electric circuit anode to the cathode.

. . components of the external circuit.
(wires) which

allow for electron Sa lt brldge

movement from

anode to cathode; The salt bridge is the internal circuit that connects the two half-cells. It is saturated with

35?%”;:;@5 the another electrolyte solution. The purpose of the salt bridge is to supply ions to the half-cells
in order to balance the charges formed during the redox reaction and to complete the circuit.

salt bl[idge Commonly used electrolyte solutions include KNO,, NaCl, KOH and HCI.

internal circuit . . . . . .

connecting two The movement of ions in a galvanic cell is summarised in Table 1.

half-cells; allows for
the flow of charge by TABLE 1 Movement of ions in a galvanic cell

moving ions; cations Oxidation half-cell Reduction half-cell

move to the cathode

and anions move to Electrons are ... produced consumed
the anode at the ... anode. cathode.
. Positive ions are ... formed as the metal electrode removed from the solution and
Study tip . : .
breaks down into solution. either plate (cover) the electrode

In the salt bridge,

. . or are converted to an uncharged
negative anions move

to the negative anode compound.
and positive cations This causes a build-up of ... positive metal ions. negative spectator ions, which
move to the positive .. .
cathode. remain in the solution.
... lons migrate towards this Negative Positive
internal circuit half-cell to balance the charge.
the salt bridge that

allows ions to flow

130 CHEMISTRY FOR VCEUNITS 3 & 4 OXFORD UNIVERSITY PRESS



Galvanic cells can be represented using a cell diagram, which shows all the features and
the directions of electron and ion movement (Figure 5). Worked example 4.3 shows you how
to draw your own galvanic cell.

cell diagram

a diagram of a
galvanic cell that
has all the key
components,
reaction mechanisms
and electron/ion
movement labelled

External circuit

Study tip

Chemistry and

Voltmeter

Physics deal with the
polarity of electrodes

Anode - NO,(ag) K*(aq)- Cathode differently. If you
Zn(s) / \ Cu(s) study both, be careful
2 / . \ not to get confused.
In Chemistry, the
Salt bridge galvanic cell has a
KNO,(aq) positive cathode and a

negative anode.

4.3 Worked
example
Find me in
your obook pro

Zn* (aq)

Semmmmm==?

——Cu(NO,),(aq)
Zn(NO,),(aq) —+— Cu’*(aq)

A 4 - J

Oxidation half-cell Reduction half-cell
7Zn(s) — Zn**(aq) + 2¢e” Cu?'(aq) + 2¢ — Cu(s)

_______________

4.3 Worked
example

Video

demonstration

Semmm--—-—-

pm———

Overall reaction: Zn(s) + Cu?*(aq) — Zn?**(aq) + Cu(s)

...............

FIGURE 5 A galvanic cell for the reaction between solid zinc and copper ions

Primary galvanic cells - non-rechargeable
batteries

A galvanic cell is often called a primary
cell or battery, and it can only be discharged
(and not recharged).

primary cell
anon-rechargeable
battery; a galvanic
cell that produces an

Discharge is the process of converting electrical current

chemical to electrical energy. As the solid discharge

the conversion of
chemical to electrical
energy

anode is oxidised to form ions in the
solution, it breaks down and no longer
completes the circuit. Once the chemical
reaction occurring in the cell has used all
the reactants, the battery dies and must be
thrown away.

The design of primary cells does not allow
the reactions to be reversed. If the battery
is rechargeable, it is called a secondary cell
(which you will learn about in Chapter 7).

FIGURE 6 Primary cells must be disposed of after use.
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Study tip
Galvanic cells are
sometimes drawn with
a load in the circuit as
well as the voltmeter/
ammeter. This can

be a light bulb,
appliance or any kind
of device that uses
the electrical energy
that is generated by
the cell.

Study tip

The new study design
does not require you
to remember specific
cells. You just need
to understand how
the reactions occur
within them.

Non-rechargeable batteries do not have a salt bridge; instead, they contain electrolytes.
Each clectrode is in direct contact with an electrolyte, which is either acidic (supplies H* ions)
or alkaline (supplies OH™ ions).

Primary cells do not produce high voltages. They are mostly used for low-current devices;
however, they can be connected in series to produce larger voltages.

Alkaline batteries

Alkaline batteries are named after the electrolyte contained in them. They include some of
the most commonly purchased batteries, such as AA and AAA batteries; they are also called
zinc—carbon galvanic cells. A fun fact is that the As in AA and AAA do not actually stand for
anything. They are used to denote the size of the battery.

Steel cathode
(positive terminal)

Plastic casing

Separator
Cathode
(manganese dioxide Anode
and graphite in electrolyte) (powdered zinc

in electrolyte)

Carbon anode collector rod
(negative terminal)

FIGURE 7 An alkaline battery

An alkaline cell (Figure 7) has a powdered Zn(s) anode in a potassium hydroxide (basic
KOH) electrolyte. The cathode is made of a mixture of manganese dioxide (MnQO,(s)) and
graphite. The separator makes sure that the reactants do not directly react spontaneously with
one another and produce thermal energy instead.

These types of batteries produce approximately 1.5V, which
decreases with time as the reactants contained within the cell are
consumed in the reaction.

At the anode, solid zinc is oxidised in the presence of
hydroxide ions to form zinc hydroxide and two electrons:

Zn(s) + 20H (aq) — Zn(OH) ,(s) + 2e~

At the cathode, manganese dioxide is reduced in the aqueous
electrolyte. Two electrons are consumed to form manganese(I1I)
oxide and hydroxide ions:

2MnO,(s) + H,O0() + 2e” —» Mn,O,(s) + 20H (aq)

The overall reaction equation for the alkaline battery is:

Zn(s) + 2MnO,(s) + H,O(1) —» Zn(OH),(s) + Mn,0,(s)

FIGURE 8 9V, AA and AAA batteries
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Button cells Negative terminal

Metal cap

Button cells are much smaller in size than alkaline Anode

cells. They can be used in small electrical devices, (powdered zinc)
such as watches, hearing aids, calculators and cameras.

. . L —  Electrolyte
Despite their size, they can produce similar voltages of

(KOH paste)
approximately 1.5V or sometimes greater.

. \ Cathode
silver oxide cell, consists of a powdered zinc anode with el - (graphite/silver oxide)

an alkaline potassium hydroxide (KOH) electrolyte. The

cathode is made of a mixture of silver oxide and graphite
(Figure 9). FIGURE 9 A silver oxide button cell

One of the more efficient types of button cell, the

Positive terminal

At the anode, zinc is oxidised in the presence of
hydroxide ions from the electrolyte paste to form zinc oxide and two electrons:

Zn(s) + 20H (aq) — Zn(OH),(s) + 2e~

At the cathode, silver oxide is reduced in the aqueous electrolyte. Two electrons are
consumed to form silver metal and hydroxide ions:

Ag,0(s) + HO() + 2e~ — 2Ag(s) + 20H (aq)
The overall reaction equation for this type of button cell is:
Zn(s) + Ag,0(s) + H,O0() — 2Ag(s) + Zn(OH),(s)

A button cell is more expensive than an alkaline battery, but it can produce a stable

FIGURE 10 Button batteries

voltage over long periods of time.

4.3 CHECK YOUR LEARNING @

Describe and explain a H,(g) + Cl,(g) —» 2HCI(aq)

1 Explain how a galvanic cell is able to generate b Cu(NO,),(aq) + Fe(s) —
electricity. Reference ion and electron movement Fe(NO,),(aq) + Cu(s)
in your answer. ¢ 2AgNO,(aq) + Pb(s) —»

2 Describe the purpose of a salt bridge in a Pb(NO,),(aq) + 2Ag(s)
galvanic cell. 5 Identify the appropriate material for the

electrodes in the following half-cells:
a Zinc (Zn) half-cell where the electrode is the
anode

Apply, analyse and compare

3 Consider the following half-equations:
7Zn’**(aq) + 2e~ = Zn(s)
ClL(g) + 2¢” = 2Cl (aq)

a Identify the oxidising agent and reducing

b Copper (Cu) half-cell where the electrode is

the cathode
¢ A solution of HNO, where the hydrogen ion
agent. .
undergoes reduction
d Hydrogen telluride (H,Te) is bubbled through

water to create an acidified solution.

b The oxidising and reducing agents identified
in part a react spontaneously in an
electrochemical cell. Identify the anode and

cathode. Design and discuss
¢ Write an overall redox equation for the 6 Discuss why it is essential to separate a lithium/
reaction. fluorine galvanic cell into two half-cells. Describe
4 Identify the conjugate redox pairs in each of the the consequences if the reactants are kept in the
following redox reactions. same beaker.
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electrochemical
series

a table of oxidising
agents and reducing
agents written

in reduction half-
equations, where the
strongest oxidising
agentis at the top
left of the table

and the strongest
reducing agent is at
the bottom right

equilibrium
arrows

reaction arrows

that point in both
directions to indicate
that areactionis
reversible

FIGURE1 a
Alessandro Volta
was one of the

first scientists to
develop a ranking
of metals based

on their electrical
effects. Volta also
developed one of
the first batteries in
1800. This stack of
alternating copper
and zinc disks, called
a voltaic pile, is
recreated in b.
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The electrochemical series

KEY IDEAS

In this topic, you will learn that:

+ the electrochemical series is used to determine the relative strength of oxidising and
reducing agents

+ voltage produced by galvanic cells is calculated from standard electrode potentials.

Some chemicals will more readily gain or lose electrons than others. In Units 1 and 2, you
learned how to use the periodic table and reactivity series of metals to predict redox reactions.
However, this does not consider molecules or complex ions that contain more than one atom.
A more accurate way of determining the strengths of oxidising or reducing agents is to use
the electrochemical series.

The electrochemical series

The electrochemical series is a table that shows all half-equations as reduction half-equations.
It uses equilibrium arrows (=) to indicate that the half-equation can proceed forward or
backward. When the half-equation goes forward, reduction occurs. When it goes backward,
oxidation occurs. Oxidising agents are shown on the left side of the equilibrium arrow and
reducing agents are shown on the right.

The table orders chemical species based on their relative oxidising strength (strongest at
the top left to weakest at the bottom left). They are all expressed as reduction half-equations.

F,(g) is the strongest oxidising agent, because it will more readily accept electrons than
any other molecule or ion and cause oxidation in another chemical species. The reduction
half-equation is found at the top of the electrochemical series:

F,(g) + 2¢” - 2F (aq)

Li(s) is the strongest reducing agent, because it will more readily donate electrons than any
other molecule or ion and cause reduction in another chemical species. The reduction half-
equation for Li*(aq) forming Li(s) is found at the bottom of the electrochemical series:

Lit(aq) + e~ - Li(s)
This half-reaction equation can be reversed to show the oxidation of Li(s):
Li(s) -» Li*(aq) + e~
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4.4A

PRACTICAL:
CONTROLLED EXPERIEMENT

Reacti Standard electrode potential
eaction
(EY) in volts at 25°C

Student obook pro.

How can we verify the electrochemical
series using galvanic cells? Go to your

4.4B

PRACTICAL:
SIMULATION

Strongest Fz(g) +2¢ = 2F(aq) +2.87 Weakest
oxidising H,0,(aq) + 2H'*(aqg) + 2¢- = 2H,0() +1.77 reducing
agents Aut(aq) + ¢ = Au(s) +1.68 agents

ClL(g) + 2 = 2Cl(aq) +1.36 y
O,(g) +4H*(aq) + 4e- = 2H,0() +1.23
Br,() + 2¢ = 2Br(aq) +1.09
Agt(aq) + e = Ag(s) +0.80
Fe3*(aq) + e = Fe?*(aq) +0.77
0O,(g) + 2H"(aq) + 2¢¢ = H,0,(aq) +0.68
L(s) +2e = 2I'(aq) +0.54
O,(g) + 2H,0(D) + 4= = 40OH (aq) +0.40
Cu?*(aq) + 2¢- = Cu(s) +0.34
Sn**(aq) + 2¢ = Sn?**(aq) +0.15
S(s) + 2H*(aq) + 2e- = H,S(aq) +0.14
2H'(aq) + 2¢- = H,() 0.00
Pb**(aq) + 2e- = Pb(s) -0.13
Sn*(aq) + 2~ = Sn(s) -0.14
Ni**(aq) + 2 = Ni(s) -0.25
Co?"(aq) + 2e- = Co(s) -0.28
Cd?**(aq) + 2¢- = Cd(s) —-0.40
Fe?*(aq) + 2e- = Fe(s) -0.44
Zn*(aq) + 2e° = Zn(s) -0.76
2H,0() + 2¢- = H,(g) + 20H (aq) —-0.83
Mn?*(aq) + 2¢- = Mn(s) -1.18
\ AP*(aq) + 3e- = Al(s) -1.66
Mg?**(aq) + 2 = Mg(s) -2.37

Weakest Nat*(aq) + ¢ = Na(s) —2.71 Strongest
oxidising Ca?*(aq) + 2¢- = Ca(s) 287 reducing
agents K (aq) + e = K(s) -2.93 agents

Lit(aq) + e = Li(s) -3.04

FIGURE 2 The electrochemical series

Predicting redox reactions using the electrochemical series

To determine whether two chemicals will react

spontaneously in a redox reaction, you can use
the RED SOX method, which uses a diagram
shaped as the letter ‘S’ (Figure 3).

1

Find the appropriate half-equations on the
electrochemical series.

Identify the chemical species that are
reacting.

Identify the strongest oxidising agent (top
left), which will react spontaneously with
the strongest reducing agent (bottom right).
This is summarised in the ‘S’ configuration
of Figure 3.

Reduction is on the top part of the S and
oxidation is on the bottom, so the acronym
is RED SOX. Rewrite the half-equations
with the reactants and products on the
correct sides of the reaction arrow.

OXFORD UNIVERSITY PRESS

Reduction

Gains/consumes e~

Strongest
oxidising
agent Sacy,
&

Strongest

reducing
agent

Loses/produces e~

Oxidation

FIGURE 3 The ‘S’ configuration is used to
determine whether chemical substances will react
spontaneously.
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Can you accurately predict cell voltage in a
galvanic cell? Go to page 505.

Study tip

At the start of the
writing time in your
exam, make sure

you annotate your
electrochemical series
with the strongest
oxidising and reducing
agents. This will be
helpful for when you
need to predict redox
reactions.

RED SOX

an acronym to
remember that
reduction is the top
half-equation on

the electrochemical
series, the S dictates
the reactants and
products, and the
bottom half-equation
is oxidation
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Study tip

There are many
methods you can use
to identify reactants
of a redox reaction;
RED SOX and the ball-
down-a-hill analogy
are just two examples.

Study tip

After identifying

the two redox half-
equations on the
electrochemical
series, the top left

and bottom right will
react. If the reactants
are not in this
configuration, they will
not react.

If the reactants do not fit in the ‘S’ configuration, they will not react. This occurs when

4.4A WORKED EXAMPLE

the oxidising agent and reducing agent are not strong enough to react. Another analogy can
be used to explain this: a ball will roll down a hill without any extra energy input. When the
two reactants can be connected on the electrochemical series with a downhill line (left to
right), then the reaction will be spontaneous. Compare this to RED SOX and see how this
method is used to predict redox reactions in Worked example 4.4A.

PREDICTING REDOX REACTIONS USING THE ELECTROCHEMICAL SERIES

Predict whether a reaction will occur between:
a iron(II) nitrate (Fe(NO,),) and magnesium metal (Mg)
b iron(II) nitrate (Fe(NO,),) and lead(II) nitrate (Pb(NO,),).

If a redox reaction does occur, write an overall redox equation for the reaction.

Solution

T R T

Step 1: Locate the relevant half-
equations on the electrochemical
series. It helps to write them in the
order in which they appear in the
electrochemical series. Iron(II) ions

are involved in two half-equations.

Step 2: Use RED SOX to help you
determine whether a spontaneous
redox reaction will occur. You can
also use the rolling ball analogy.

Step 3: Write the oxidation and
reduction half-equations, then
combine the two to make the overall
redox equation. Go back to Worked

example 4.2C if you need a refresher.

reducing agent than the hydrogen cell.

a

Fe**(aq) + e~ — Fe?*(aq)
Fe’*(aq) + 2e- — Fe(s)
Mg*(aq) + e~ — Mg(s)
Fe3*(aq) + e~ — Fe?*(aq)
Pb**(aq) + 2e- — Pb(s)
Fe?**(aq) + 2e- — Fe(s)

Fe?* and Mg fit the ‘S’ configuration and can also

be connected on the electrochemical series with a
downhill line, so a spontaneous reaction will occur.
Fe?* and Pb?* do not fit the ‘S’ configuration and form
an uphill line when connected on the electrochemical
series, S0 a spontaneous reaction will not occur.
Oxidation: Fe(s) — Fe?*(aq) + 2e~

Reduction: Mg*(aq) + e~ - Mg(s)

Overall equation: Fe(s) + 2Mg*(aq) — Fe?*(aq) + 2Mg(s)

Measuring the strength of electrochemical cells

The position of all the half-reactions in the electrochemical series and their strength as
oxidising and reducing agents are determined using the standard hydrogen half-cell
(H*(aq)/H,(g)). This determines whether a half-reaction contains a stronger oxidising or

If reduction occurs in the hydrogen half-cell to form hydrogen gas (shown by bubbles in
the solution), the hydrogen ion is the stronger oxidising agent and the other half-reaction

sits below hydrogen on the electrochemical series.
2H*(aq) + 2¢~ —» H ()
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You can also test the pH of the electrolyte solution. The consumption of H* in this

reaction will decrease the H* ions in the solution. The cell will become less acidic, and

the pH will increase.

e If oxidation occurs in the hydrogen half-cell, the hydrogen gas is the stronger reducing

agent and the other half-reaction sits above hydrogen on the electrochemical series.
H,(g) —» 2H"(aq) + 2e~

The production of H* will increase the concentration of H* ions in solution. The cell will

become more acidic, and the pH will decrease.

Standard electrode potentials

In addition to observing the formation of
hydrogen gas bubbles and measuring pH, you
can also measure the voltage that is generated
by the galvanic cell.

You might have noticed the E° values
to the right of the electrochemical series in
Figure 2. These are the standard electrode
potentials — voltages generated by redox
half-equations under standard conditions
(where the temperature is 25°C, the pressure
of a gas is 1 atm and the concentration of
each solution is 1 M). Half-equations in
the electrochemical series are ordered from
highest to lowest E°.

The standard hydrogen half-cell is used
as a reference cell to measure the voltages
of all half-cells that are listed with an E°
value on the electrochemical series. The
half-cell in Figure 4 is given an arbitrary
value of 0.00V.

Calculating standard electrode
potential

When a galvanic cell is constructed with a
hydrogen half-cell and a second half-cell, the
voltage generated by the cell is equal to
the E° of the second half-cell. This is how
the E°values on the electrochemical series
have been measured.

In Figure 5, zinc generates a voltage
of 0.76 V. Because this value is positive
and we can see hydrogen gas bubbles
being produced, we know that reduction
is occurring in the hydrogen half-cell, so
oxidation must be occurring at the zinc
half-cell.

OXFORD UNIVERSITY PRESS

H,(g)—

____ Standard hydrogen
electrode (SHE)

(

~—H"(aq)

G

FIGURE 4 The standard hydrogen half-cell has an
E°of 0.00V.

External circuit

standard
electrode
potential

the electrical
potential generated
at the electrode
under standard
conditions; measured
involts (V)

standard
conditions

the conditions that all
E° values have been
measured at; 25°C,
latmand 1M

Study tip

Standard electrode
potentials are
measured at standard
conditions of 25°C,
latmand 1M
concentration of
solutions. The 0 in E°
represents standard
laboratory conditions.

Voltmeter
: Cathode
Anode B NO, (a@K*(aq) ’ SHE
Zn(s) / ‘ \
N , N\ =t r- H2 (g)
Salt bridge
KNO,

o _— é

Zn** NO; . I

(+)

NO, l

/ \ H* j I'/
Zn(NO,),(aq) HNO,(aq)

Oxidation half-reaction
7Zn(s) — Zn**(aq) + 2e”

Reduction half-reaction
2H*(aq) + 2 — H,(g)

Opverall reaction: 2H*(aq) + Zn(s) — H,(g) + Zn**(aq)

FIGURE 5 The zinc-hydrogen galvanic cell generates 0.76 V.
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Cell potential difference

When any two half-cells from the electrochemical series are connected in a galvanic cell,
the voltage generated by the cell is the difference in the amount of electricity consumed at

cell potential the cathode and generated at the anode — the cell potential difference (E° ). This is also

difference called the electromotive force (EMF, which indicates how much electricity is generated),
_theld'fre_rerl‘ce the standard cell potential (if the cell is operating at standard conditions), or simply the
N electrica
potential between voltage of the cell.
two electrodes, EY = EO _ IO
. cell reduction half-cell oxidation half-cell

represented by E°_;
J\C/r;etr‘]’otlttahge ('”l volts, The E°is very important in the development of new battery technologies. It helps us

a e galvanic . . . .
cell can gengerate at choose materials that can generate a suitable maximum cell voltage when they react in a
standard conditions galvanic cell. You can see how to calculate E° in Worked example 4.4B.

standard cell

potential
the same as cell 4.4B WORKED EXAMPLE

potential difference
CALCULATING VOLTAGE PRODUCED BY A GALVANIC CELL

Calculate the maximum cell voltage produced when a Pb?**/Pb half-cell is connected to
an Al’*/Al half-cell.

Solution
I T R S
Step 1: Locate the relevant half-reactions on the Pb?*(aq) + 2e™ — Pb(s) E'=-0.13
electrochemical series. It helps to write them in the | Al’*(aq) + 3e™ — Al(s) E'=-1.66
Stu dy tlp order in which they appear in the electrochemical
] series.
In galvanic cells, the - - R .
reduction half-equation Step 2: Use RED SOX to identify the oxidation Pb?*(aq) undergoes reduction to form Pb(s).
is higher on the and reaction half-equations. Al(s) undergoes oxidation to form Al’**(aq).
lectrochemical seri . .
:hea?'] :"DTCE Oe)?i’(]jlziioierles Step 3: Substitute the £ values into the Eocell 0cell = Eoreduction halfcell E oxidation half-cell
half-equation. equation. =-0.13 - (—1.66)
Therefore, E°_, = the =-0.13+1.66
top E° - the bottom E°. =1.53V

Limitations of the electrochemical series

When galvanic cells operate under non-standard conditions
(i.e. a different temperature, pressure or concentration of
solution) the E° values change. This can cause half-equations
with close E° values to swap positions on the electrochemical
series. This is a key limitation of the electrochemical series —
we can only predict whether redox reactions will occur under
standard conditions.

On top of this, the electrochemical series does not tell us
about the rate of the reaction. You will learn about reaction
rates and their importance in Unit 4 Area of Study 2.

FIGURE 6 A voltmeter or multimeter is often
connected to a galvanic cell to measure the
voltage produced in a redox reaction.
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4.4 CHECK YOUR LEARNING

Describe and explain

1 Explain the purpose of the hydrogen half-cell in
the electrochemical series.

2 Describe standard conditions. Explain what
happens if a galvanic cell is not run at standard
conditions, with reference to the electrochemical
series.

Apply, analyse and compare

3 Calculate the E° of the following galvanic cells:

a Cu?*/Cu and Zn?**/Zn

Mg?* /Mg and Cu?*/Cu

Fe?*/Fe and Mg?*/Mg

Cu?*/Cu and Fe?**/Fe

Mg?*/Mg and Zn?**/Zn

Zn**/Zn and Fe?**/Fe

4 Consider the following half-equations:

- o0 o6 o

Sn**(aq) + 2¢~ = Sn?*(aq)
Zn*(aq) + 2e” = Zn(s)
Cl(g) + 2e- = 2Cl (aq)

a Calculate the E° values for each combination
of half-cells — there should be three
combinations.

b Draw fully labelled cell diagrams for the
three galvanic cells from part a.

¢ Determine which chemical species is the
strongest oxidising agent and which is the
strongest reducing agent.

d Identify the combination of half-cells that
produces the highest voltage.

Design and discuss

5 Discuss the impact of using a copper half-cell
as the reference cell, rather than hydrogen.
Describe the effect this would have on the
voltage produced by the cell, the voltage
calculated on the electrochemical series and the
E° values of the electrochemical series.

OXFORD UNIVERSITY PRESS

6 Pieces of magnesium and zinc are often used to

prevent solid iron from undergoing oxidation to
form iron(II). Discuss why this occurs, making
sure to reference oxidising agents, reducing
agents and the electrochemical series.

FIGURE 7 a Magnesium and b zinc

In a copper-silver galvanic cell, a student uses
a sodium chloride salt bridge. After setting up
the cell, she notices that it does not generate
any electricity. Discuss why the cell produced
no current. Evaluate her method and design an
alternative that would work.
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fuel cell

a galvanic cell that
produces electricity
by using a constant
supply of reactants
(often hydrogen and
oxygen) and inert
electrodes that do
not break down

combustion
areaction occurring
in the presence of
oxygen to produce
heat energy
(exothermic)

Features of fuel cells

KEY IDEAS
In this topic, you will learn that:

+ fuel cells are galvanic cells that produce electrical energy from chemical energy by using a
constant supply of reactants and catalyst-embedded porous electrodes
+ fuel cells can be alkaline (basic) or acidic.

As you learned in Topic 4.3, primary galvanic cells such as those found in disposable batteries
can only produce very small voltages. These are useful in many devices; unfortunately, it is
not ideal to use disposable batteries to power something like a car.

Instead, fuel cells can be used. They are also a type of primary galvanic cell. They have
a high power density (amount of power per unit of volume of reactant), are highly efficient
(low amount of energy is lost in the conversion of chemical to electrical energy) and you can
supply more reactant (fuel) to continue generating electrical energy. Although they are not
rechargeable, they still save you from having to replace an expensive car battery every time
the reactants are consumed.

Fuel cells

Fuel cells provide an alternative method for producing an electrical current. They are
galvanic cells consisting of inert electrodes. They also require a constant supply of reactants.

In a fuel cell, the reactants are gaseous so there is no build-up of solid products that might
block the flow of charge through the cell. A fuel cell can produce current for as long as it has
a constant supply of reactants. Generally, the fuel is the reducing agent (which undergoes
oxidation at the negative anode), and oxygen (O,) is the oxidising agent (which undergoes
reduction at the positive cathode). This is a combustion reaction.

Structure of a fuel cell

Reactants in a fuel cell must be

Electric current
e —» e

- +

Reducing agent ——

(fuel) in

Excess fuel out <——

contained within separate compartments
to prevent them from reacting
spontaneously with each other.

Oxidising agent
(0,) in

Reactants enter the compartments
through inlet channels. Excess materials
exit through outlet channels and can

be recycled back into the cell for use.

In these compartments, the reactants
come into contact with the electrodes
(Figure 1).

— Unused gases out

Porous anode

) K Porous cathode

Aqueous electrolyte (+)

solution
(acidic or basic)

FIGURE 1 The general structure of a fuel cell
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The electrodes are constructed from porous
carbon. This increases their surface area and
therefore provides more opportunities for the gaseous
reactants to come into contact with the electrodes
(Figure 2). They may also be embedded with a
catalyst (black dots in Figure 2), which increases the
rate of the reaction and therefore the efficiency of
the cell. You will learn about how catalysts work in
Chapter 5. The electrodes are connected by a wire
that allows electron movement.

The electrolyte is in contact with both electrodes.
The nature of the electrolyte (acidic or alkaline) has
a significant effect on the half-reactions occurring
within the fuel cell. In alkaline (or basic) fuel cells, a
basic substance, commonly a hydroxide (KOH), is
used as an electrolyte. Acidic fuel cells use an acidic
electrolyte, such as the strong sulfuric acid (H,SO,)
or hydrochloric acid (HCI).

Hydrogen-oxygen fuel cells

o

QQ
i

s@ass

‘

Electrode
(porous carbon)

Catalyst
particles

Electrolyte

FIGURE 2 Electrodes are made of porous carbon and often have
catalyst particles embedded in them.

To understand how electrolyte solutions affect the oxidation and reduction equations in a fuel

cell, let’s use the hydrogen—oxygen fuel cell as an example. This is one of the most common

types of fuel cells.

Looking at the electrochemical series, there are four possible half-equations that use

hydrogen (H,) and oxygen (O,):

1 0,(g) + 4H*(aq) + 4e~ = 2H,0() E°=+1.23
O.,(2) + 2H,0(l) + 4¢~ = 40H (aq)  E° = +0.40

3 2H*(aq) + 2¢” = H (g) E°=0.00

4 2HO®) +2e = H,/(g) + 20H (aq)  E° = —0.83

Which of these half-equations occur will depend on the nature of the electrolyte.
In acidic conditions, half-equations involving H*(aq) are included (equations 1 and 3).
In alkaline conditions, half-equations involving OH"(aq) are included (equations 2 and 4).

Study tip

The RED SOX method
can be used since
fuel cells involve
spontaneous redox
reactions. If a fuel cell
contains a reactant
that is not on the
electrochemical
series, identify the
reactant and product
and then use the
KOHES method to
complete the half-
equation.

As fuel cells involve spontaneous redox reactions, the strongest oxidising agent is oxygen gas
(O,(g)) and the strongest reducing agent is hydrogen gas (H,(g)). Remember RED SOX!

Regardless of whether an acidic or basic electrolyte is used, both generate a standard cell

potential of 1.23V (Table 1).

TABLE 1 Half-equations, overall balanced equations and voltage generated by acidic and alkaline fuel cells at

Acidic fuel cell Alkaline fuel cell

standard conditions

Reduction (cathode)

0,(g) + 4H*(aq) + 4e~ — 2H,0()

Study tip

Always start by
identifying the
reactants and
products. Then,
determine whether
they are undergoing

0,(g) + 2H,0() + 4¢” — 40H"(aq) oxidation or reduction

H,(g) —» 2H"(aq) + 2e~

and write the half-

H + 20H (aq) = 2H O(l) + 2e~
(&) (a0) 00 equations. Balance the

Oxidation (anode)

O,() + 2H,(g) —» 2H,0() number of electrons,

Overall 0O,(g) + 2H,(g) —» 2H,0()

E° = reduction — oxidation
Voltage at standard =+0.40 — (—0.83)
conditions =123V
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then combine to form

E° = reduction — oxidation the overall equation.

=+1.23 - (0.00)
=1.23V
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FIGURE 3 An acidic fuel cell with an electrolyte that supplies H* ions

Electric current
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FIGURE 4 An alkaline fuel cell with an electrolyte that supplies OH™ ions
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Acidic fuel cells

In a hydrogen—oxygen fuel cell,
hydrogen enters the acidic fuel cell at
the negative anode and is oxidised to
produce hydrogen ions and electrons.
The electrons move to the positive
cathode via the external circuit (wires)
while the hydrogen ions migrate from
the anode to the cathode via the internal
circuit (the electrolyte).

At the cathode, the reduction of
oxygen occurs. Hydrogen ions (from the
electrolyte) and oxygen molecules, which
are in contact with the electrode, gain
electrons to produce water molecules.
Excess reactants are captured and
recycled back into the fuel cell while the
products of water and heat are released
into the atmosphere.

Alkaline fuel cells

Hydrogen enters the alkaline fuel cell
at the negative anode. At the anode,
hydrogen undergoes oxidation to
produce water, hydroxide ions and
electrons. The electrons move to the
positive cathode via the external circuit
(wires) while the water migrates from
the anode to the cathode via the internal
circuit (the electrolyte).

At the cathode, the reduction
of oxygen occurs. Water (from the
electrolyte) and oxygen molecules gain
electrons to produce hydroxide ions in
the electrolyte. These ions move towards
the anode through the electrolyte. Excess
reactants are captured and recycled
back into the fuel cell while the products
of water and heat are released into the
atmosphere.
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Hydrocarbon-oxygen fuel cells

Fuel cells do not always use hydrogen and oxygen gases as reactants. Other
hydrocarbon fuels can be used, such as methane. Methane reacts with
oxygen in the following combustion reaction:

CH,(g) +20,(g) — CO,(g) + 2H,0()

To create half-equations from this reaction, methane is paired with
carbon dioxide as the carbon containing molecules must remain in the same
half-equation. Therefore, oxygen is paired with water in the second half-
equation.

The oxygen molecule, O,(g), has an oxidation number of 0. In water, the
oxidation number of oxygen is —2. As the oxidation number decreases, O,(g)

undergoes reduction. This is true for all combustion reactions involving
hydrocarbons. Oxygen is reduced and the hydrocarbon is oxidised.

FIGURE 5 The combustion of
hydrocarbon fuels powers many
The oxidation half-equation for the combustion of methane is therefore: vehicles

CH,(g) + 2H,0() —» CO,(g) + 8H"(aq) + 8¢~
The reduction half-equation is:
O,(g) +4H*(aq) + 4e~ — 2H,0()

T — S \\dy/ tip
4.5 REAL-WORLD CHEMISTRY Again, fuel cells (a

type of galvanic cell)
can be connected to
a load that uses the
generated electrical
energy.

Launching a space shuttle

Fuel cells are commonly used in space
shuttles. Each space shuttle contains
three fuel cell power plants, which are
supplied with hydrogen and oxygen gas.
The water produced is stored and used
for other purposes. Any heat produced by
the fuel cell is transferred to freon coolant
loops. The electricity generated is directed N, fann f )
toward the shuttle’s power systems. : o
"Tanks external to the shuttle are filled FIGURE 6 The space shuttle attached to external
with liquid hydrogen and liquid oxygen. fuel tanks
They help to launch the space shuttle into
orbit. When hydrogen and oxygen react spontaneously, they produce large quantities

of heat energy in an exothermic reaction. The direct reaction also generates light and
sound energy. The hydrogen and oxygen are then separated in a galvanic (fuel) cell,
where they produce the far more beneficial electrical energy.

Approximately 8.5 minutes into launch, the fuel is completely consumed. The
external tanks become useless and are now, essentially, dead weight. The tanks detach
from the space shuttle and fall back to Earth.

Apply your understanding

1 Write the oxidation and reduction half-equations for this alkaline fuel cell.

2 Write the overall balanced chemical equation for this cell.

3 The external tanks used to propel the shuttle into space use a redox reaction but do

not produce electrical energy. Explain why.
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4.5 CHECK YOUR LEARNING

Describe and explain

1 Describe the difference between a primary cell

and a fuel cell. Give examples of both.

FIGURE 7 Primary and fuel cells both generate electrical
energy.

2 Explain why porous electrodes are used in fuel

cells.

Apply, analyse and compare

3 Construct a diagram of an acidic ethanol-oxygen
fuel cell which produces carbon dioxide and

water as products. In your answer, you must:

a

b

construct two half-equations and identify
them as oxidation and reduction

indicate the reactants, products and
electrolyte

label the anode and cathode

use arrows to show the direction of movement
of the electrons and the ions in the electrolyte
combine the half-equations into a balanced
overall equation.
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Construct a diagram of an alkaline methanol—

oxygen fuel cell which produces carbon dioxide

and water as products. In your drawing, you must:

a construct two half-equations and identify
them as oxidation and reduction
indicate the reactants, products and electrolyte

c label the anode and cathode

d use arrows to show the direction of movement
of the electrons and the ions in the electrolyte

e combine the half-equations into a balanced
overall equation.

Compare fuel cells and galvanic cells in terms of:

e their set-up

¢ how they work

¢ what they are used for

e specific design features

e energy transformation

e energy efficiency

e applications.

FIGURE 8 The car battery is an example of a fuel cell.
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electroplating
cell

an electrolytic

cell that converts
electrical energy
to chemical energy
in order to coat an
object in a layer of
metal

current

the flow of electrons
generated by a power
source; measured
inamps (A) and
represented by /

electric charge
the rate of flow of
electrons generated
by a power source;
measured in
coulombs (C) and
represented by Q
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Faraday’s Laws

KEY IDEAS
In this topic, you will learn that:

+ Faraday’s Laws can be used to predict the quantity of reactant and product, and the
amount of current or time required to consume a certain quantity of reactant or produce a
certain quantity of product

+ Faraday’s first law states that the charge of a cellis proportional to the mass plated at the
cathode

+ Faraday’s second law states that in order to produce 1 mole of a metal, 1, 2, 3 or another
whole number of moles of electrons must be consumed.

Techniques for quantitative analysis of
electrochemical cells were first developed by
Michael Faraday in 1833. Faraday developed
his laws using a process called electrolysis,
whereby electrical energy is applied to an
electrochemical cell to reverse a spontaneous
chemical reaction. This converts the
products of a spontaneous reaction back

into reactants so that they can be used again

to generate electrical energy. You will learn

FIGURE 1 Faraday’s laboratory

about electrolysis in Chapter 7.

In this topic, we will use the laws defined by Faraday to make predictions about the
amounts of reactants used and products formed in redox reactions.

Faraday’s Laws

In an electroplating cell, a metal will be deposited onto the cathode of the cell. Faraday’s
Laws describe the relationship between the mass of the metal that is deposited and the
amount of charge that is applied to the cell.

Faraday’s first law

Current is a flow of charge created by the movement of electrons. To measure the amount of
charge flowing through an electrochemical cell, an ammeter must be attached in the external
circuit. An ammeter measures the current of the cell in amps (A). A timer is also required to
determine the length of time (in seconds) that the charge is applied for.

The amount of electric charge which passes through a cell can be calculated using:

O=1Ixrt

where Q is the electric charge in coulombs (C), [is the current in amps (A) and ¢ is the
time in seconds (s).

Faraday found that increasing the charge will increase the mass of metal which plates onto the
cathode. Essentially, the higher the current and the longer it runs, the larger the mass of metal
or volume of gas produced at the cathode. You can see the relationship between the mass of
different metals and the charge applied to the cell in Figure 2 on the next page.
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FIGURE 2 The mass of various metals plated at the cathode when charge is

applied to an electrolytic cell.
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FIGURE 3 The amount, in mol, of various metals plated at the cathode of an

electrolysis cell when charge is applied to an electrolytic cell

Faraday’s

first law

the mass of a metal
plated onto a cathode
is proportional to the
charge applied to an
electroplating cell

146 CHEMISTRY FOR VCEUNITS 3 & 4

From these observations, Faraday
determined that the mass of the metal plated
onto the cathode is proportional to the charge
applied to the cell. This is Faraday’s first law:

Qxm

where Q is the electric current and m is the
mass of the metal deposited onto the cathode.

Faraday’s second law

Faraday then converted the mass of each metal
into moles by dividing each mass by the metal’s
molar mass. He plotted the amount, in mol, of
each metal plated at the cathode against the
charge applied to the cell. Figure 3 shows that
similar trends were observed for metals ions
with the same charge (or electrovalency).

All metal ions with a +1 charge had the same
linear trend (e.g. Na*, K*; Ag"). The same was
true of metal ions with +2 (e.g. Ca?*, Cu?**) and
+3 charges (e.g. Fe®").

Faraday also found that:

e all +1 metals required 96 500 coulombs of
charge to plate 1 mol of the metal onto the
cathode.

e all +2 metals required 2 x 96 500 coulombs
of charge to plate 1 mol of metal onto the
cathode. Therefore 0.5 mol of electrons
were plated using 96 500 C.

e all +3 metals required 3 x 96 500 coulombs
of charge to plate 1 mol of metal onto the
cathode. Therefore 0.33 mol of electrons
were plated using 96 500 C.

Faraday concluded that the charge on one
mole of electrons must be 96 500 coulombs.
This is known as the Faraday constant:

F=96500Cmol™.

This means that 1, 2, 3 or another whole
number of moles of electrons must be
consumed to produce 1 mol of a metal. This is
Faraday’s second law:

O=n(e") x For QO =n(e) x 96500

where Q is the electric current, n(e”) is
the amount, in mol, of electrons and F'is the
Faraday constant.
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Charge on one electron
The charge of one mole of electrons is 96 500 C. If you consider that one mole of electrons is

6.02 x 10?3 electrons, then the charge on one electron can be calculated as:

_ 96500  _ »
6.02x 103 ~ 1.603 x 107 °C

As electrons are negatively charged, this number is typically represented as —1.60 x 107°C.

The application of Faraday’s Laws

Although Faraday’s LLaws were developed using electroplating cells, which consume electrical
energy, we can also apply them to galvanic and fuel cells, which generate electrical energy.

These laws can be used in calculations to determine the life of a battery, the length of time
that it takes for a cell to consume all of its reactants and the amount of reactant required to
ensure that a cell lasts for a desired period of time.

Calculating the quantity of reactants and products

The amount of reactant in a battery or cell will decrease over time as the amount of
product increases. This can be calculated as a decrease in the mass of reactants at a
reactive electrode or a decrease in the concentration of aqueous reactants. Alternatively,
it can be the increase in the mass of an electrode when the electrolyte plates onto it, or an
increase in the concentration of aqueous products.

You can use the same steps to determine the mass of products formed.

Worked example 4.6A shows how to calculate the mass of reactants used in a galvanic cell.
4.6A WORKED EXAMPLE
CALCULATING THE QUANTITY OF REACTANTS USED IN A GALVANIC CELL

A copper-silver galvanic cell consisting of 1 M concentrations of Cu/Cu?* and Ag/Ag*
is connected to a small 40 W light bulb for 75.0 minutes. The average current drawn by
the bulb is 0.36 A. Calculate the mass of copper that is oxidised during this time.

Solution

I S R T

Step 1: Calculate the charge produced by the galvanic cell. O=1Ixt
Remember that time needs to be in seconds. =0.36 X (75.0 X 60)
=1620C
Step 2: Calculate the amount, in mol, of electrons consumed. n(e") =%
_ 1620
~ 96500
=0.0168mol

Cu(s) —» Cu?*(aq) + 2e-

n(Cu) =% x n(e")
=0.00839mol

m(Cu) =nXxX M
=0.00839 x 63.5
=0.52¢g (2 sig fig)

Step 3: Write a balanced half-equation for the half-reaction.
Step 4: Use a ratio statement to determine the amount, in mol, of

reactant used.

Step 5: Calculate the mass of reactant used.
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Faraday constant
1 F=96500Cmol?;

96 500 coulombs are
required to generate
one mole of a metal or
gas at the cathode of
an electroplating cell

Faraday’s
second law

to produce 1 mole
of ametal, 1,2, 3
or another whole
number of moles of
electrons must be
consumed

Study tip

Remember that
you can calculate
the amount, in mol,
of a gas at SLC
from volume using
the molar volume
equation:

Nsc =228

Study tip

If a half-equation

is not given in the
question, it should

be included in your
answer with the ratio
statement. If it is
given in the question,
there is no need to
rewrite it in your
answer - just write the
ratio statement.
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Calculating quantities in batteries

To calculate the time required to consume all the reactants in a galvanic cell (the battery life
of a cell) or the time required to use a particular quantity of reactant, you need to know how
much reactant is present, and the current that is produced. Worked example 4.6B walks you

through how to do this.

4.6B WORKED EXAMPLE

CALCULATING THE LIFE OF AN AA ALKALINE BATTERY
A typical AA alkaline battery can produce up to 2.8 A. The battery contains 6.5g of

MnO,. Calculate the time it takes, in minutes, for the battery to die if it runs constantly

at maximum capacity.

Zn(s) + 2MnO,(s) + H,O0(1) —» Zn(OH),(s) + Mn,0,(s)

Solution

T R

Step 1: Calculate the amount, in mol, of

MnO

P

Step 2: Write a balanced half-equation

for the reduction of MnO,.

Step 3: Use a ratio statement to
determine the amount, in mol, of
electrons consumed.

Step 4: Calculate the charge.

Step 5: Calculate the time. Remember
that time is in seconds. Here, you will

need to convert to minutes.

n(MnO,) = 47
6.5
86.9

=0.075mol
2MnO,(s) + H,0(l) + 2e” - Mn,0,(s) + 20H (aq)

n(e”) = n(MnO,)
=0.075mol

O=n(e )X F
=0.075 X 96500
=7218.1C

= 2577.88sec
2577.88 = 60 = 43min (2 sig fig)

4.6 SKILL DRILL

Designing an experiment to verify
Faraday’s second law

Key science skill: Plan and conduct
investigations

A student wants to verify Faraday’s second law of
electrolysis. She compares each of the following half-
cells to the standard hydrogen half-cell (H,/H"):

Ag/Ag* Au/Au”* Cu/Cu** Mg/Mg?>*

She applies 6V to each electrochemical cell for
5.0 minutes and generates a current of 0.25A in

each cell.

Practise your skills
1 Identify the independent and dependent variables.

2 Write a hypothesis for the experiment.

3 Identify the aim of the experiment.

Need help planning and conducting

experiments? See Topic 1.4 (page 14).
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4.6 CHECK YOUR LEARNING

Describe and explain

1
2

Explain what 1 faraday represents.

Explain what electric charge is and how it can be
calculated.

Explain how the number of moles of a metal or

ion can be determined using the number of moles
of electrons.

Apply, analyse and compare

4

A button cell is used to power a 60 W light bulb
requiring a current of 0.54 A. If the cell originally
contains 0.50 g of zinc metal, calculate how long
it will take to convert 10% of the metal into zinc
hydroxide.

Zn(s) + Ag,0(s) + H,O() — 2Ag(s) + Zn(OH),(s)

5

A cordless vacuum cleaner battery can provide
18V for 7 hours. The vacuum cleaner uses
a lithium—ion battery with a CoO, mass of
approximately 10.0g.
CoO,(s) + Li*(aq) + e~ — LiCoO, (1)
LiC (s) = C(s) + Li*(aq) + e~

If the mass of CoO, decreases by 1.5g after
every use, and typical use lasts for 35 minutes,
calculate the current generated by the battery.
A methanol fuel cell uses an acidic electrolyte.
1.50 L of methanol (density = 0.792gmL.™") is
combusted into carbon dioxide when pumped
through the cell over the course of 4.500 hours.
The half-equation for this reaction has an E°
value of —0.39V. The cell can produce a current
of 85A.
a Calculate the volume of methanol that is

consumed in 4.500 hours.
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b Calculate the percentage of methanol
remaining for future use.

Design and discuss

7 A laptop uses a rechargeable lithium—ion battery

(see Question 5). Initially, the battery charges to
100% capacity, but 12 months later it can only
charge to 80% capacity.

a Discuss what is meant by the term capaciry in
the context of electrochemistry.

b If the current produced by the battery at
100% capacity is 2.8 A, determine the current
produced at 80%.

¢ If a battery typically takes 7 hours to
discharge fully, calculate the mass loss of LiC
when the laptop is being used at full power

6

and at 100% capacity.

A scientist is attempting to construct a lithium—

fluorine battery. The battery must be capable of

a voltage of 5.5V and must maintain a current of

30 A for a minimum of 8.0 hours.

a Write the two half-equations and a balanced
overall equation for the battery.

b Calculate the standard cell potential and
compare it to 5.5V. Determine whether an
adequate voltage is produced.

¢ Calculate the mass, in g, of lithium metal
required for this cell.

d If the cell operates under SLLC, calculate the
volume of fluorine gas required.

e Outline the safety risks of constructing this
cell. Explain what redox reactions you would
suggest instead of these.
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Meeting society’s energy needs

KEY IDEAS
In this topic, you will learn that:

+ fuel cells can be constructed from renewable feedstocks
+ fuel cells can be designed to be more efficient.

With global populations increasing, there is more demand than ever for energy to meet the
needs of Earth’s inhabitants. Combined with the climate crisis we are facing, it has made us
rethink where we source energy.

The current and future options for supplying energy are the core focus of Unit 3 Area of
Study 1. In this topic, we will explore how the green chemistry principles have guided the
design of fuel cells, and how we hope this will address some of the challenges we face.

Innovation in the design of fuel cells

The design of fuel cells has incorporated many green chemistry principles. They
are energy-efficient due to their porous and catalysed electrodes, and can be
designed to use fuels from sustainable sources.

Design for energy efficiency

Fuel cells also convert chemical energy directly into electrical energy, with some
energy wasted as heat. They are 60% efficient, which means that about 40% of the
chemical energy is lost as heat.

Compare this to a combustion-based power plant, such as a coal-fired power station.
The process involved in generating electrical energy from coal is shown in Figure 2.

FIGURE1 A . . ..
hydrogen fuel cell A coal power station runs at approximately 33—-35% efficiency, due to the number of energy
transformations that occur in the power station. More energy is lost as waste, and this
decreases the efficiency of the process.
An electromagnetic generator in the
FIGURE 2 The Chemical energy is turbine converts kinetic energy
process of turning contained within the coal. Kinetic energy is into electrical energy.
chemical energy from generated when the steam
coal into electricity rises and spins a turbine.

in a coal-fired power
station l

<

-~

Coal is burned to release thermal energy, J
which heats water to turn it into steam.
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4.7

Why are hydrogen fuel cells not widely
used? Go to your Student obook pro.

PRACTICAL:
LITERATURE REVIEW

Design and applications of fuel cells also incorporate the green chemistry principle of
design for energy efficiency, because their chemical reactions can occur at room temperature
and pressure. The use of porous electrodes increases the reaction rate. Addition of catalysts
also does this, without the need to increase temperatures or pressures. You will learn more
about reaction rates in Chapter 5.

Renewable feedstocks

As a society, we need to work towards reducing (or even
eliminating) our use of non-renewable fuels. The burning of
fossil fuels at coal-fired power stations releases by-products
such as carbon dioxide and water vapour. These gases contribute
to the greenhouse effect and climate change.

To address these environmental challenges, we need to
design alternative fuel cells to meet society’s energy needs. One
approach is to use renewable feedstocks. The green chemistry
principle refers to the ability to use starting materials that are

FIGURE 3 Biomass-derived fuels
are renewable.

renewable.

In fuel cells, renewable feedstocks are often sourced from
plants and biomass as an alternative to fossil fuels such as crude oil or natural gas.

In Topic 4.5, you learnt that the most common fuels used in fuel cells are hydrogen
gas, oxygen gas and various hydrocarbons, as outlined in your data book. Table 1 below
summarises the renewable fuel alternatives that can be used in fuel cells instead of the
traditional non-renewable fuels.

TABLE 1 Sources of renewable and non-renewable fuels

Renewable fuels ‘ Non-renewable fuels

Biomass Hydrogen, methane Natural gas

Crude oil

Methane

Plants Bioethanol Hydrocarbons

Have a go at designing a green fuel cell in Challenge 4.7.

4.7 CHECK YOUR LEARNING

R | Seee [ Fe

@ 4.7 Challenge
4 Find me in

by-product

a secondary product
formed in a chemical
reaction

greenhouse effect
a phenomenon
whereby greenhouse
gases (e.g. methane,
carbon dioxide, water
vapour) trap heat in
the atmosphere and
cause the Earth to
warm

climate change
the gradual increase
in the temperature
of the Earth’s
surface, oceans

and atmosphere;
generally caused by
the greenhouse gas
effect

______________

B

g your obook pro

Describe and explain

1 Describe the current challenges faced by society
in meeting energy needs.

2 Explain why generating electrical energy in a fuel

cell is more efficient than in a coal-fired power plant.

Design and discuss

3 Discuss how green chemistry principles can be
used to guide the fuel choice for a fuel cell.

4 A fuel cell captures excess reactants and
recycles them for use in the cell. Discuss how
this is beneficial, with reference to the relevant
sustainability perspectives (green chemistry
principles, sustainable development goals, and
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the shift from a linear economy to a circular
economy).

Chapter 2 explores the generation of fuels from
sustainable and unsustainable resources. Design
an experiment that generates fuels which can be
used in a fuel cell. Your answer could explain
the generation, capture and safety involved with
hydrogen, methanol, ethanol or any other fuel
from your VCE Chemistry data book.

Identify any other green chemistry principles
(aside from design for energy efficiency and use of
renewable feedstocks) that relate to using fuel cells
rather than primary cells. Justify your response.
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CHAPTER

Review

Chapter summary

A redox reaction involves reduction (gain of electrons) and oxidation (loss of electrons) reactions, which
occur simultaneously.

Oxidation numbers show the transfer of electrons from a reducing agent to its conjugate oxidising agent,
or from an oxidising agent to its conjugate reducing agent.

Balanced oxidation and reduction half-equations can be written for redox reactions. Half-equations can
be combined to form overall redox equations.

Balanced complex oxidation and reduction half-equations and complex overall redox equations are
written for reactions occurring in acidic and basic conditions, using the KOHES method.

Redox reactions are used to generate electricity in a galvanic cell, where an external circuit connects two
half-cells to facilitate electron flow.

Reduction occurs at the positive electrode, called the cathode. Oxidation occurs at the negative
electrode, called the anode.

The internal circuit consists of a salt bridge, which is made of an unreactive salt solution. Negative ions
move towards the negative electrode to balance the positive ions that move into the solution when the
metal undergoes oxidation. Positive ions move towards the positive electrode to replace the positive ions
that plate as a metal onto the cathode when they undergo reduction.

A non-rechargeable battery is called a primary cell. There are many different types of primary cells — for
example, alkaline batteries and button cells.

The electrochemical series is used to determine the strength of oxidising and reducing agents.

The voltage generated by a galvanic cell can be determined by using the electrochemical series. The
oxidation E° is subtracted from the reduction E° to calculate the cell potential difference (also called the
EMFPF or voltage).

Fuel cells are galvanic cells that produce electrical energy from chemical energy by using a constant
supply of reactants. They used catalyst-embedded porous electrodes to increase the rate of the reaction.
Fuel cells use alkaline (basic) or acidic electrolytes. The nature of the electrolyte must be considered in
half-equations.

Faraday’s Laws can be used to predict the quantity of reactant and product or the amount of current or
time required to consume a certain quantity of reactant or produce a certain quantity of product.
Faraday’s first law states that the charge of a cell is proportional to the mass plated at the cathode.
Faraday’s second law states that in order to produce 1 mole of a metal, 1, 2, 3 or another whole number
of moles of electrons must be consumed.

Fuel cells are designed to incorporate green chemistry principles — they are designed for energy
efficiency and can be constructed from renewable feedstocks.
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Key formulas

Electric charge O=1Ixt
Amount, in mol, of electrons n(e”) = %
Standard cell potential (V) = reduction E° — oxidation E°

Faraday’s first law Oxm

Faraday’s second law O=n(e) X F

Chapter checklist

Use the success criteria in the table below to rate how well you understand each concept as ‘Confidently’, ‘Mostly’
or ‘Not really’. If you’re not feeling confident about any of these skills or ideas, use the revision links to revisit them.

* explain that redox reactions involve simultaneous oxidation .
. Go back to Topic 4.1
and reduction processes
e use oxidation numbers to identify the reducing agent, .
L . . Go back to Topic 4.1
oxidising agent and conjugate redox pairs
» write balanced half-equations (including states) for
oxidation and reduction reactions, and the overall redox cell |:| |:| I:I Go back to Topic 4.2
reaction in both acidic and basic conditions
* describe the common design features and general operating
principles of non-rechargeable (primary) galvanic cells
converting chemical energy into electrical energy, including |:| |:| I:I Go back to Topic 4.3
electrode polarities and the role of the electrodes (inert and
reactive) and electrolyte solutions
* describe the use and limitations of the electrochemical series
in designing galvanic cells and as a tool for predicting the

products of redox reactions, for deducing overall equations Go back to Topic 4.4

[]
[]
[]

from redox half-equations and for determining maximum
cell voltage under standard conditions

* describe the common design features and general operating

[]
[]
[]

principles of fuel cells, including the use of porous Go back to Topic 4.5
electrodes for gaseous reactants to increase cell efficiency

e apply Faraday’s Laws and stoichiometry to determine
the quantity of galvanic or fuel cell reactant and product,
and the current or time required to either use a particular D D I:I Go back to Topic 4.6
quantity of reactant or produce a particular quantity of
product

* describe contemporary responses to challenges and the role
of innovation in the design of fuel cells to meet society’s
energy needs, with reference to the green chemistry D D I:I Go back to Topic 4.7
principles: design for energy efficiency and use of renewable
feedstocks
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Revision questions

Multiple choice

The following equation relates to Questions 1
and 2.

2Au** (1) + 6Br~(1) —» 2Au(s) + 3Br,(1)
1 In this reaction:
A Auis oxidised; Br, is reduced.
B Br, is oxidised; Au is reduced.
C Au’* is oxidised; Br~is reduced.
D Br is oxidised; Au®* is reduced.
2 In this reaction:
A Au is the oxidising agent; Br, is the
reducing agent.
B Br, is the oxidising agent; Au is the
reducing agent.
C Au? is the oxidising agent; Br~is the
reducing agent.
D Br is the oxidising agent; Au’* is the
reducing agent.
3 Identify the oxidation number of copper in
Cu(NO,),.
A +3
B +2
C +1
D -1
4 Identify the reduction half-equation.
A Zn%(aq) + 2e” — Zn(s)
B Mn*(aq) + 4H,0(1) —»
MnO, ~(aq) + 8H*(aq) + Se~
C Cu(s) » Cu?*(aq) + 2e~
D H,(g) » 2H"(aq) + 2e~
5 A standard galvanic cell is set up with
Mg(s)/Mg**(aq) and Cl,(g)/Cl (aq) half-cells.
In this cell:
A CI is the strongest oxidising agent and
Mg?* is the strongest reducing agent.
B Cl, is the strongest oxidising agent and
Mg is the strongest reducing agent.
C Mg?" is the strongest oxidising agent and
CI is the strongest reducing agent.
D Mg is the strongest oxidising agent and
Cl, is the strongest reducing agent.

6 A methane—oxygen fuel cell operates with @
the following half-equation at the anode:
CH,(g) + 2H,0(1) - CO,(g) + 8H*(aq) + 8e~
The reaction occurring at the cathode is:
A 2H,0(1) +4e” — 4H"(aq) + O,(g)
B 4H*(aq) + O,(g) — 2H,0()
C 2H,0() —» 4H"(aq) + O,(g) + 4e”
D 4H*(aq) + O,(g) +4e” —» 2H,0()
The following information relates to Questions 7
and 8.
A galvanic cell is constructed using the
following half-cells:
Half-cell 1: silver electrode and a colourless
solution of AgNO,
Half-cell 2: copper electrode in a blue solution
of CuCl,

7 Identify which of the following is likely to
occur.

A Chlorine gas forms at the anode.
B The silver electrode decreases in mass.
C The blue solution becomes darker.
D The clear solution becomes cloudy.

8 A suitable salt bridge solution would contain:
A NaCl
B NaNO,
C NaOH
D NaBr

9 Three half-cells, A, B and C, were
constructed from unknown solutions
according to the diagrams in Figure 1.

At B2+/B3+ C+

Half-cell A Half-cell B Half-cell C

FIGURE 1 Three half-cells

The following information was determined
experimentally when the half-cells were
combined:
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e The electrode in half-cell B is negative
when combined with half-cell A.

e The electrode in half-cell C is negative
when combined with half-cell B.

The strongest reducing agent is:

A A

B C*

C B2+

D C

10 Which of the following metals will not be

oxidised by an aqueous 1.0 M acid solution?

A Copper

B Magnesium

C Zinc

D Iron

Short answer

Describe and explain

11 Describe the difference between the charge
of an ion and its oxidation number.

12 Explain why corrosion is an example of
oxidation.

13 Describe the main purposes of separating
the half-cells in a galvanic cell.

14 Explain why galvanic cell voltages are
measured at standard conditions.

15 Describe the purpose of an electrolyte, and
how it is different from a salt bridge. Explain
when an electrolyte is used.

16 Describe how the location of elements on the
periodic table affects their ability to gain or
lose electrons.

17 Explain the terms oxidising agent and reducing
agent. Explain how you would use them to
describe redox reactions.

Apply, analyse and compare

18 A student placed a piece of iron metal into
a solution of lead(II) nitrate. Construct two
half-equations to demonstrate the oxidation
and reduction processes. Construct a
balanced overall equation to represent the
chemical reaction.

19 A piece of solid nickel was placed in a
solution of blue copper(II) sulfate. Over

time, the solution became paler in colour
and an orange-coloured precipitate
formed. Construct two half-equations to
demonstrate the oxidation and reduction
processes. Construct a balanced overall
equation to represent the chemical
reaction.

20 Determine the oxidation number of:
a Nin NH, ¢ CrinBaCrO,
b Siin CaSiO, d VinVO?*,
21 Determine the oxidation number of iron in:
a Fe O, ¢ FeSiO,
b FeO d Fe.
22 Consider the following balanced chemical
equation.
CO,(g) + H,(g) - CO(g) + H,0(g)
a Identify the oxidation numbers of all
atoms.
b Determine which atom has been oxidised
and which has been reduced.
¢ Determine which atoms are the oxidising
and which are the reducing agents.

d Construct the oxidation and reduction
half-equations.

e Construct the balanced overall redox
reaction.

23 Consider the following balanced chemical

equation.

Zn(s) + H,SO,(aq) — ZnSO (aq) + H,(g)

a Identify the oxidation numbers for all
atoms.

b Determine which atom has been oxidised
and which has been reduced.

¢ Determine which atoms are the oxidising
and which are the reducing agents.

d Construct the oxidation and reduction
half-equations.

e Write a balanced overall redox reaction.

24 Consider the following unbalanced chemical
equation.

Ag(s) + H,S(g) — Ag,S(s) + H,(g)
a Identify oxidation numbers of all atoms.

b Determine which atom has been oxidised
and which has been reduced.
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¢ Determine which atoms are the oxidising
and which are the reducing agents.

d Construct the oxidation and reduction
half-equations.

e Write a balanced overall redox reaction.

25 Construct fully labelled galvanic cells for the
following half-cells.

a Ag/Ag® and Cu*'/Cu

b CL/CI and Fe*/Fe

¢ H,O/H"and O/H,0O,

You must include:

e labelled anode, cathode, polarity of
electrodes and the material the anode and
cathode are made from

e fully balanced half-equations, labelled as
oxidation or reduction (include states)

e alabelled salt bridge (propose a suitable
chemical and demonstrate ion movement)

e the direction of electron flow

e all reactants and products in the two
half-cells

* full calculations showing the E°

e the overall balanced chemical equation,
including states.

26 A nickel-cadmium galvanic cell is
constructed (Figure 2), where:

Cd?*(aq) + 2e” = Cd(s) E°=-0.40

Voltmeter

Ni(s) Cd(s)

Salt
bridge

+—Cd*(aq)

Ni**(aq) -

Half-cell 1 Half-cell 2

FIGURE 2 NiCd galvanic cell

Copy Figure 2 into your book and:

a identify the oxidation and reduction
half-cells

b identify the anode and cathode, and the
polarity of each electrode

¢ construct the half-equations and overall
equations

d identify a suitable salt bridge substance
and justify your choice

e indicate the direction of ion and electron
movement using appropriately labelled
arrows

f calculate the E° of the cell.

27 Consider the following pairs of half-cells:

a Mg?*/Mg and Fe*'/Fe

b Cu?/Cuand Ag'/Ag

¢ AP*/Aland H/H,

d Fe**/Fe** and O, + H/H,0,

For each pair of half-cells, state the:
i reducing agent
ii oxidising agent
iii two half-equations
iv overall equation.

28 An iron nail is placed in aqueous
solutions of:

I AgNO, IV Pb(NO,),
II Mg(NO), V  Zn(NO,),
Il CuSO,

a Identify the solution(s) in which you
would expect the metal cation in the
solution to plate onto the iron nail.

b Use the electrochemical series to explain
why some solutions would not result in
the coating of the metal cation in the
solution onto the nail.

¢ Explain the purpose of the SO,* and
NO," ions in the solutions.

29 Communicate the difference between
galvanic cells, primary cells and fuel cells.
Your answer must include:

e structural e disadvantages
differences * applications.

e advantages

30 A copper—zinc galvanic cell operates for
15.0 minutes with a current of 0.25A.

a Write the half-equations of the cell and
label them as oxidation and reduction.

b Determine which electrode will lose mass
and calculate the mass lost.

156 CHEMISTRY FOR VCE UNITS 3 & 4

OXFORD UNIVERSITY PRESS



¢ Determine which electrode will gain mass
and calculate the mass gained.

31 A galvanic cell is constructed using the
following half-equations:
Cr,0.%*(aq) + 14H*(aq) + 6" =
2Cr**(aq) + 7TH,0(D)

Se(s) + 2H*(aq) + 2e™ = H,Se(g)
E°=-0.40
a Write the half-equations of the cell and

E°=+1.36

label them as oxidation and reduction.

b The cell operates with a current of 2.5A.
Calculate the volume of gaseous H, Se
that is required to power the cell for
4.00 hours at SLC.

32 A hydrogen—oxygen fuel cell runs for 3.00
hours with a current of 5.0 A. Calculate the
volume of oxygen gas required to operate the
fuel cell at SLC.

Design and discuss

33 A student claimed that the best
method to produce sodium
hydroxide is via redox reactions
between sodium metal
and water to form sodium
hydroxide and hydrogen gas.
The half-equation for the
water reaction is:

2H,0(]) + 2e” —» 20H (aq) + H,(g)
a Write the oxidation and reduction

half-equations.
b Construct a balanced overall equation to
represent the chemical reaction.
c Evaluate the student’s claim and discuss the
strengths and weaknesses of this reaction.
34 Yttrium barium copper oxide (YBa,Cu,O.)
is a superconductor, meaning that it can
conduct electricity very, very well. A claim

FIGURE 3 Hydrogen gas °

was made that the oxidation numbers of all
atoms in YBa,Cu,O, cannot be determined.
Evaluate this claim and justify your opinion.
35 A student placed a piece of silver metal in a
blue solution of copper(Il) sulfate. After
10 minutes, the student observed that the
solution had not changed colour. Evaluate
the student’s results and discuss a reason for
this observation.

FIGURE 4 A piece of silver metal and a copper(II)
sulfate solution

36 Discuss the advantages of attaching blocks
of zinc to the steel supports, which contain
iron, on oil rigs in Bass Strait.

37 A student wished to identify an unknown
metal, X. The metal is cleaned, cut into
1cm X 1 cm pieces and placed in separate
solutions of:

* Mg(NO,)),

* AgNO,
AI(NO,),

* AuNO,.

The student observed that a layer of metal

formed on metal X when placed in the silver

and gold solutions, but observed no reaction
when it was placed in the magnesium and
aluminium solutions.

a Evaluate the results of the experiment
and communicate what is happening to
cause these results.

b Determine a possible identity for the
metal and justify your choice using the
electrochemical series.

You can find the following resources for this section in your obook pro:

Quizlet
Compete in teams or against yourself to test your knowledge.
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Test your understanding of Key Knowledge in this chapter.
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AREA OF STUDY 1

ﬂ Checkpoint

Multiple choice

Question 1

Which of the following fuels is renewable?
A Petrol

B Diesel

C Biodiesel

D Natural gas

Question 2

Which of the following provides the best definition
of a renewable resource?

A A fuel that is harvested from crude oil and coal

B A fuel that can be replenished

C A fuel that can be replenished over several
hundred thousand years

D A fuel that can be replenished within a short
period of time

Question 3

Which of the following statements regarding

renewable fuels is incorrect?

A They release greenhouse gases.

B They are derived from plant material or other
organic sources.

C They have a higher energy density than
non-renewable fuels.

D They can be replenished within the span of a
lifetime.

Question 4

Which of the following quantities, I, IT and III, are

affected by the addition of a catalyst?

Reactants
I

Energy

Products

Progress of reaction

A 1II only
B II and III
C Ionly
D I, IT and III
Question 5
The amount of energy released when a 20.0LL
cylinder of ethane is combusted, according to the
following equation, at SL.C is:
2C H (g) + 140 (g) - 4CO (g) + 6H, 00
AH = —-3120kJmol ™
A 2516K]
B 1258Kk]
C 629K]
D 5032k]
Question 6
A butane camping cooker has a mass of 230g,
including the fuel. It is used four times a day over
a period of five days. On each occasion, the fuel
is used to heat a kettle containing 500 g of water
from 4°C to 80°C. Calculate the total mass of the
butane camping cooker after five days.
A 214.0g
B 196.8¢g
C 1l66.1¢g
D 63.92¢
Question 7
The redox reaction between Na, Cr,O. and
CH,CH,OH is given by the following chemical
equation:
2Cr, 0% (aq) + 3CH,CH,OH(aq) + 16H"(aq) —
4Cr* (aq) + 3CH,COOH(ag) + 11H,0()
The correct half-equation for the oxidation
process is:
A Cr,0.*(aq)+14H*(aq) +6e~ —
2Cr**(aq) +7H,0(1)
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B CH,CH,OH(aq) +H,0() —

CH,COOH(aq) +H"(aq) +e~

C Cr,0,%*(aq)+14H*(aq) +9¢™ —

Cr*(aq) +7H,0()

D CH,CH,OH(aq) +H,0() —

CH,COOH(aq) +4H*(aq) +4e"

Question 8

A galvanic cell is constructed using an iron(II) and

tin half-cell. The tin half-cell contains a solution

of Sn(NO,),(aq) and a solid tin electrode. The

iron half-cell contains a mixture of Fe(NO,), and

Fe(NO,),, with a solid iron electrode. When the

cell was built, the voltmeter was not recording an

electrical current. A reason for this is:

A Sn s a stronger reducing agent than Fe,
meaning that it will react in preference to it.

B Fe is the strongest reducing agent and will react
spontaneously with Fe?* ions, which are the
strongest oxidising agents.

C Fe?* cannot form Fe(s) and Fe** simultaneously.

D Fe is the strongest oxidising agent and will react
spontaneously with Fe?* ions, which are the
strongest reducing agents.

Question 9

In an exothermic reaction:

A energy is absorbed from the surrounding
environment.

B the energy of the products is greater than the
energy of the reactants.

C the addition of a catalyst will increase the
enthalpy of the reaction.

D the addition of a catalyst will decrease the
activation energy.

Question 10

The following diagrams represent combinations

of four half-cells (A/A*, B/B*, C/C* and D/D"),

which are investigated under standard conditions.

Each half-cell consists of a metal electrode in a

solution of 1.0 M metal nitrate. The polarity of the

electrodes of each half-cell was determined and

is represented in the circles next to the relevant

Which of the following represents the order of
the metals from the strongest reducing agent to the
weakest?

Salt bridge

® O
Sal

It bridge

A B,A,C,D
B B,D,C,A
C D,A,C.B
D D,C,A,B

Short answer

Question 1 (4 marks)

Identical vehicle models were tested for fuel
efficiency using petrol, E10 (petrol with 10%
ethanol added), petrodiesel and biodiesel. Carbon
dioxide emissions per litre of fuel burnt were also
determined.

Fuel CO,
Enthalpy :
Fuel Formula e consumption | produced
g (L1100 km) | (L of fuel)
Petrol CBH18 48 14.5 2392
E10 90%
CEHIS
44 14.2 2304
10%
C,H,OH
Petrodiesel | C H, 44.8 9.2 3170
Biodiesel C H,O 42.0 7.5 2520

19773272

a Identify the fuel with the largest impact on the
environment, in terms of the mass of CO,
produced per 100 km travelled. Justify your

answer with a calculation. 2 marks

b Describe one positive environmental impact of

adding ethanol to petrol to form E10. 1 mark

electrode. ¢ Explain why biodiesel is considered a renewable
energy source but petrodiesel is not. 1 mark
OXFORD UNIVERSITY PRESS UNIT 3 AREA OF STUDY 1 CHECKPOINT 159




Question 2 (9 marks)
Photosynthesis is represented by the following
unbalanced equation:

CO,(g+H,0(0) - C.H,,0,(aq)+0,(g)

The activation energy of the pathway catalysed
by light is 2878 kmol™. The energy of the reactants
is determined to be 1273.3kJmol™!, and the energy
of the products is 4087.3 k] mol™.

a Determine the enthalpy for the photosynthesis

reaction. 1 mark

b Construct a labelled enthalpy diagram for the
process of cellular respiration. 2 marks
The glucose produced from photosynthesis

can be fermented to produce bioethanol. This

exothermic reaction has an enthalpy of =72 k] mol .

¢ Write a balanced thermochemical equation for
the fermentation of glucose. 2 marks

d A 40.0L fuel tank contains octane as a fuel
in a car engine. If bioethanol is proposed as
an alternative fuel to octane, calculate the
volume of ethanol, and therefore the size of the
fuel tank, that will produce as much energy
as a 40.0 L tank of octane (density of octane =
0.703 gmL"!; density of ethanol = 0.789 gmL™).

4 marks

Question 3 (8 marks)

To determine the molar enthalpy of dissociation of

potassium nitrate (KNO,), a student first calibrates

a calorimeter by adding 100 g of water into the

device. She then runs a current of 6.00V and

1.20 A through the calorimeter for 5.50 minutes.

The temperature of the water is found to increase

from 12.0°C to 73.0°C.

a Calculate the calibration factor of the

calorimeter. 2 marks

The calorimeter is emptied, refilled with
100 g of water and allowed to reach a constant
temperature of 18.00°C. 2.500g of solid potassium
nitrate is then added to the calorimeter, with
constant stirring. The final temperature of the
solution is found to be 36.60°C.
b Calculate the molar enthalpy of the solution.

3 marks

¢ Compare the experimental value calculated to
the theoretical molar enthalpy of —34.89 kJmol™.
2 marks
d Describe one error which resulted in the

difference in these values. 1 mark

Question 4 (5 marks)

In an experiment, half-cells are constructed and
connected, one at a time, to a hydrogen reference
half-cell. Although standard conditions were
recommended, the temperature of the laboratory
could not be controlled, but all solutions were made
to a concentration of 1 M.

Pt electrode

()
&)

Salt bridge H,(g)

Standard
hydrogen
half-cell

Test cell

TABLE 1 Experimental results

Electrode ) )
. Half-cell reaction Observations
material

Pt SO,* (aq) +4H*(aq) +2e™ = pH decreases
SO, (aq) +2H,0() in the standard
hydrogen half-
cell.

Ni Ni?*(aq) +2e~ = Ni(s) Gas bubbles
are observed at
the cathode.

Pt MnO, “(aq) +8H"(aq)+5¢” = | pH increases

Mn?*(aq) +4H,0() in the test cell.

a Identify the strongest reducing agent from the
half-equations in the table. 1 mark
b Determine in which half-cell(s) the electrons
flow from the test cell to the standard hydrogen
half-cell.
c State one flaw in the experiment that prevents
the development of an electrochemical series.
1 mark

1 mark

d Explain one change that can be made to the
method to correct the flaw that you identified in

part c. 2 marks
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Question 5 (6 marks)

The fuel cell in the diagram below is constructed
using an acidic electrolyte and natural gas as a fuel
source. The electrodes are coated in platinum to
produce electricity at low temperatures.

CH— —O0,
Anode— ——Cathode
COs— —H,0

a State the polarity of the cathode. 1 mark

b Show the direction of the flow of ions in the
electrolyte by drawing an arrow (— or <) in the
space between the anode and cathode on the
diagram. 1 mark

¢ Write a half-equation for the reaction that
occurs at the anode of the cell. 1 mark

d Explain the purpose of the platinum in the cell.

2 marks

e Identify one way in which a fuel cell differs from
a galvanic cell. 1 mark

Question 6 (8 marks)

To determine the heat of combustion or energy

released (in kJ/100 g) from Cheezels and

marshmallows, a food chemist places 100 g of water
in a boiling test tube and allows it to reach room
temperature before recording this as the initial
temperature. They then weigh the food products
and record these as their initial masses.

Final mass

Initial mass

Food source

(€)) (€:))
Cheezels 1.82 0.73
Marshmallow 3.89 2.3

temperature of

The food is skewered on a piece of wire and set
alight under the test tube using a match. The final
temperature of the water is recorded and the food
products are reweighed to determine their mass
after combustion.

Clamp

Test tube

100 mL of water

T

Burning food Needle Wooden handle

L Heat-resistant mat

The results of the experiment are shown in the
table below.
a Calculate the enthalpy or heat of combustion
(kJ/100g) of the Cheezels. 2 marks
b Calculate the enthalpy or heat of combustion
(kJ/100 g) of the marshmallow.
¢ Compare the theoretical and experimental
enthalpy values. 2 marks

2 marks

d Comment on the accuracy and precision of the
experiment and justify your responses. 2 marks

TOTAL MARKS
/50 marks

Initial

Final temperature

Enthal; kJ/100
of water (°C) nthalpy (1 &)

water (°C)
23.1 42.5 2270
22.3 34.6 1356
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Rates of chemical
reactions

CHAPTER

KEY KNOWLEDGE

— factors affecting the frequency and success of reactant particle collisions and rate
of chemical reaction in open and closed systems including temperature, surface
area, concentration, gas pressures, presence of a catalyst, activation energy and
orientation

— the role of catalysts in increasing the rate of specific reactions with reference to
alternative reaction pathways of lower activation energies, represented using energy
profile diagrams

Source: VCE Chemistry Study Design (2023-2027) reproduced by permission © VCAA

FIGURE 1 Heating reactants can increase the rate of reaction.
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GROUNDWORK

In Chapter 5, you will learn about the rates of reactions and the factors that can
be manipulated to speed up the reaction rate.

This chapter will build on concepts you have already learnt in Chapter 2. So,
before you begin this chapter, test yourself on the following questions to make
sure you remember the basics.

5A Explain what activation energyis. 5B Draw and label an energy profile

@ 5A Groundwork resource dlagrém for an exothermic
Activation energy reaction.

(2 5B Groundwork resource
Energy profile diagrams

PRACTICALS ;‘ﬁ, ’

5.1 How do you measure the rate of

PRACTICAL: a reaction?
CONTROLLED EXPERIMENT

Page 506

5 2 What happens to the rate of
° : :
reaction when you manipulate @
PRACTICAL: . :
SIMULATION different variables?
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reaction rate
the change in
concentration of a
reactant or product
per unit of time
(change over time)

collision theory
the theory that
states that reactants
must collide in the
correct orientation
and with sufficient
energy for a reaction
to occur

successful
collision

when reactants
collide with sufficient
energy and in the
correct orientation to
form products

activation energy
the minimum amount
of energy that a
collision must have
for areaction to occur
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Factors affecting chemical

reactions

KEY IDEAS

In this topic, you will learn that:

+ areaction occurs when reactants collide successfully (with sufficient energy and in the
correct orientation)

+ areaction rate can be increased by increasing the energy of a system, decreasing the
activation energy, or increasing the frequency of collisions and therefore number of
successful collisions

+ concentration, pressure and surface area can affect the frequency of collisions and number
of successful collisions

+ only temperature will affect the frequency of collisions and number and proportion of
successful collisions.

Scientists can manipulate chemical reactions to speed them up or slow them down. For example,
industrial chemists work to strict deadlines and will often speed up chemical reactions to produce
products quickly. Alternatively, food chemists will often slow down the rate of decay of nutrients
and molecules within products to increase the supermarket shelf life of food. Manipulating the
speed at which a reaction occurs requires an understanding of reaction rates (the change in the
amount of products over time) and the factors that affect the success of a reaction.

Collision theory

Collision theory states that reactants must
collide in order to react. However, not all
collisions result in a reaction. In fact, only a
certain percentage will collide successfully
to form products. It is very common for
reactants to collide with one another and
bounce off without having reacted. For this
reason, it is essential to understand the factors
that result in a successful collision, in which
reactants collide and react to form products.
These factors are as follows:
e Energy — Reactants must collide with a
minimum amount of energy, called

activation energy, to rearrange and form
products. If C,H, and HCl in Figure 2

do not collide with sufficient energy, the
collision will not be successful.

FIGURE 1 Food chemists manipulate reactions
to slow the rate of decay and improve the shelf life
of food.

¢ Orientation — Reactants must collide in the correct spot or in the correct position. Figure 2
demonstrates two molecules of C H, and HCl reacting together according to the chemical
equation:

C, H,(g) + HCI(g) —» C,H.Cl(g)
The C,H, and HCI must collide in the correct orientation, as shown in collision 13
otherwise, the collision will be unsuccessful.
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o.1

PRACTICAL:
CONTROLLED
EXPERIMENT

How do you measure the rate
of a reaction? Go to page 506.

ve x|

Collision 2 Collision 3

FIGURE 2 The correct and incorrect orientation of ethene (C,H,) and hydrochloric acid (HCI) molecules for a
successful collision. Collision 2 is not successful because of the repulsion between the slightly negatively charged
chlorine atom and the electrons in ethene’s double bond.

Collision 1

Activation energy on energy profile diagrams

The law of conservation of energy states that energy cannot be created or destroyed.
Chemical energy is a type of potential energy, because it is the energy stored within the
bonds of reactants and products. This chemical energy can be readily converted into heat
energy as temperature or motion (kinetic energy). Energy differences between reactants and
products result in either an exothermic reaction, where excess energy is released into the
environment, or an endothermic reaction, where energy is absorbed from the environment.

Energy profile diagrams represent the energy changes that occur in chemical reactions.
These diagrams show the difference in energy within the bonds of reactants and products.
Activation energy, the minimum energy needed for a reaction to occur successfully, is
represented as £ in Figure 3. All reactants must overcome this energy to break reactant
bonds when they collide, and therefore create a successful reaction.

a b b A
Energy
L released
A
E, ctvation E, when new
Energy bonds
& released & Activation formed
5 when new b energy |  —------
f‘ Reactants bonds [f} Products
B formed
AH = —ve AH = +ve
Products Reactants

Reaction progress Reaction progress

FIGURE 3 Energy profile diagrams for a exothermic and b endothermic reactions, including E, (the activation
energy required to break bonds) and AH (enthalpy)

Magnitude of activation energy

The reaction rate depends on the size of the activation energy. If the energy contained within
the bonds of the reactants is relatively low (i.e. the bonds are weak), lower activation energy is
required. Conversely, strong bonds contain higher amounts of energy and are harder to break
apart, so they require higher activation energy.

Bond energy is the amount of energy stored within a bond. The higher the energy
contained within the bond, the harder it is to break. Therefore, bond energy (strength) and
the number of bonds also affect the activation energy and how readily a reaction occurs.
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Collision 4

Study tip

Collisions can occur
without resulting in

a chemical reaction,

so it is essential

to use the term
successful collision
when explaining
whether a chemical
reaction results in the
formation of a product.

exothermic

if the enthalpy of

the products is lower
than the enthalpy

of the reactants,

the reaction loses
energy as heat to the
environment

endothermic

if the enthalpy of the
reactants is lower
than the enthalpy

of the products, the
reaction must absorb
energy as heat from
the environment

Study tip

Think of the terms
exothermic and
endothermic like a
party. Exo means exit,
when friends leave
the party - it’s bad,
so it is negative. Endo
means enter, when
friends arrive at the
party —it’s great, so it
is positive.

bond energy
ameasure of the
strength of a
chemical bond, in
kJ mol*
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All particles
within the reaction

Number of particles

Maxwell-Boltzmann energy distribution

The particles within a reaction system do not all contain the same amount of energy. Some
have more energy than others. The Maxwell-Boltzmann distribution (Figure 4) represents
the number of particles in a reaction system (on the y-axis) and the kinetic energy, E, of each
particle (on the x-axis).
The peak of the curve represents the average kinetic energy
of the particles and is relative to the temperature of the reaction.
The area underneath the curve represents all particles within the
reaction.
A Maxwell-Boltzmann energy distribution is usually plotted
with a line representing the activation energy () of the reaction.
Only the particles that have kinetic energy greater than or equal

Kinetic energy (E)
FIGURE 4 A Maxwell-Boltzmann energy

distribution curve

Study tip

The peak of a
Maxwell-Boltzmann
distribution is the
average kinetic
energy of particles,
which represents the
temperature of the
reaction.

number of
successful
collisions

the total number of
reactant particles in
the reaction that are
colliding successfully
and forming products

proportion

of successful
collisions

the proportion

or percentage of
reactant particles in
the reaction that are
colliding successfully
and forming products

frequency of
collisions

how often collisions
occur between
reactants (including
successful and
unsuccessful collisions)
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to the activation energy (£ > E)) will react successfully when
they collide.

Activation
energy (E)

Particles with
E < E, that cannot
successfully react

Number of particles

Particles with
E > E that can

I
1
1
}
I
I
[}
I
!
!
I
I
1 successfully react

Kinetic energy (E)

FIGURE 5 The Maxwell-Boltzmann distribution demonstrates the energy of particles in a reaction system.

Factors affecting the frequency of collisions

A reaction can take anywhere from a few hours to more than a few hundred thousand years,

so it is important that scientists are able to increase the rate of a chemical reaction (to make it

happen faster). The reaction rate can be increased by:

e increasing the energy of a reaction

e decreasing the activation energy

e increasing the frequency, and therefore number or proportion of successful collisions.
Increasing the number of successful collisions can be accomplished by manipulating five

main factors, depending on the state of the reactants and products. These factors are:

e concentration: liquid, aqueous and gaseous reactants

e pressure: gaseous reactants only

e surface area: solids reactants only

e temperature: solids, liquids, aqueous and gaseous reactants

e catalysts: solids, liquids, aqueous and gaseous reactants (explored in Topic 5.2).

When explaining how each factor affects the rate of a chemical reaction, you must
always discuss the frequency of collisions: how often a collision occurs and the number or
proportion of successful collisions.
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Concentration

] ] ] ] concentration
Concentration is the measure of the number of particles in a given volume. ameasure of the
Concentration can be applied to solid, liquid, aqueous and gaseous systems. An increase number of particles
. . . . . . in a volume of
in concentration means an increase in the number of particles per unit of volume. If the substance
number of particles increases, the particles are closer together. This increases the chance
of reactants colliding and therefore increases the frequency of collisions. If collisions
occur more frequently, there will be a higher number of successful collisions and the rate
of reaction will increase.
Alternatively, dilute solutions have fewer
. . . . . L 4 N
reactant particles, resulting in fewer collisions.
A decrease in reactant particles decreases the
frequency of collisions and the number of ‘ ‘ Study tip
ful collisi d therefore the rate of € o ¥ |58.°E o8 8%, i :
successful collisions, and therefore the rate o 0% °%%°o§:o° An increase in
reaction. ° . o © g:cooo °o°° o 1 concentration
. . o © 006 0 0%8| will increase the
In aqueous solutions, concentration refers ©0©° po%o °° -
’ 0P 000 frequency of collisions

to the amount of solute in a volume of solvent. (e < ey o2 858 ©¢ | and therefore the

.. L G o
In gases, it is the number of gas molecules . ' e —— number of successful

Dilute Concentrated collisions.

in a measured container volume. In a solid,
FIGURE 6 A dilute solution has fewer particles

) ] than a concentrated solution, so it results in fewer
in a larger volume of a solid substance (or collisions.

its density).

the concentration is the number of particles

Pressure
Pressure is the force exerted per unit area by one substance upon another substance. pressure
For gases, this is the pressure exerted by gas particles when they collide with the walls of the force exerted,

per unit area, by
one substance upon
pressure. another substance

a container. An increase in the number of particles in a system results in an increase of

A gaseous reaction is often referred to as a system, because it must be enclosed within a
container or the gases will escape. Increasing the volume of the system is the equivalent of
increasing the volume of the container that is holding the gaseous reaction.

The pressure of a gaseous system can be increased in two ways:

1 Decreasing the volume of the container — this pushes the particles closer together and
results in a greater number of particles per unit of volume (Figure 8). For example, the
concentration of 1000 oxygen molecules in a 1L container is lower than that of 1000
oxygen molecules in a 100mL container.

In the 100 mL container, the particles are closer together
and collide more frequently, resulting in a higher number of
successful collisions.

2 Increasing the number of particles within the container — in
a fixed-volume system, the volume cannot be decreased.
Therefore, to increase the pressure, more gas particles must
be added to the container, which increases the number and
concentration of particles (Figure 8).

An increase in the number of particles will cause particles Low pressure High pressure  High pressure

to collide more frequently, resulting in a higher number of FIGURE 7 Visual representations of low pressure and
high-pressure gaseous systems

successful collisions.
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Study tip
Anincrease in

the surface area

will increase the
frequency of collisions
and therefore the
number of successful
collisions and the rate
of reaction.

surface area

a measure of the total
surface area available
to react in a chemical

reaction
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Increase

e °°° OO number of Decrease —
00° - o 9 6 %0 o7
© 00 particles 00 g 0|0 volume 0 %% 8
© 0 % S o ©

- R
o o © \ 0 [5) o

Original gas container with Half of the original container

Original gas container with
30 gas molecules 15 gas molecules

1L 1L

with 15 gas molecules
500mL or 0.5L

—n =n =n
=y =y =y
- 30 15 15
. < =7 =05
= 30 particles per litre = 15 particles per litre = 30 particles per litre

FIGURE 8 The effect on concentration when pressure is increased by increasing the number of particles or
decreasing the volume

In both methods, an increase in pressure is due to an increase in the concentration of
particles. This causes particles to collide more frequently and results in a greater number of
successful collisions, which increases the rate of reaction.

Surface area

Reactions occur at the surface of a solid reactant. Therefore, the greater the surface area,
the greater the number of collisions. Figure 9 shows a 2 cm X 2 cm cube with a surface area
of 24 cm?. When the cube is cut into eight smaller 1 cm X 1 cm cubes, the total surface area
increases to 48 cm?. Therefore, a solid that has been broken down into powder has a larger
surface area than a larger solid crystal. This increases the frequency of collisions in a reaction,
the number of successful collisions, and therefore the rate of reaction.

N

Total surface area
=2cm X 2 cm X 6 sides
=24 cm?

Total surface area
=1cm X 1 cm X 6sides X 8 cubes
=48 cm?

FIGURE 9 The surface area calculation for a bigger 2 cm x 2 cm cube and smaller 1 cm x 1 ¢cm cubes

FIGURE 10 Increasing the surface area of a reactant by breaking it into smaller pieces increases the number of
successful collisions and therefore the reaction rate.
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Temperature

Kinetic molecular theory states that all particles are in constant, random motion. The
energy involved in this motion is kinetic energy. Heating particles increases their movement
and therefore their kinetic energy. Particles collide more frequently, increasing the number of
successful collisions. Additionally, a greater proportion of particles will have energy greater
than, or equal to, the activation energy. This increases the proportion of successful collisions.
Together, this increases the rate of reaction.

If a substance is cold, its particles will have lower kinetic energy, the frequency of
collisions, and number and proportion of successful collisions will decrease. This decreases
the rate of reaction. (Figure 11).

Before

Cold substances (particles Hot substances (particles e
have low kinetic energy) have high kinetic energy)

FIGURE 11 Increased temperature means increased kinetic energy of particles, -~
resulting in faster movement. o

The Maxwell-Boltzmann curve P

The peak of a Maxwell-Boltzmann curve is the kinetic energy of the

kinetic molecular
theory

the theory that states
that all particles are
in constant random
motion

Study tip

Temperature changes
the proportion of
successful collisions,
which has a more
significant effect on
reaction rate than the
number of successful
collisions.

The temperature
of the system
increases. ™

After

highest number of particles. This peak represents the average kinetic T

energy of the reaction and also equates to the temperature of the il o

system (Figure 13). NNV
Heat is applied

Number of T,> T, I:I Fraction of particles to a gaseous system.

Heat increases the
kinetic energy of gas
particles.

particles with energy, £ > E, at T,
with energy, £ W Fraction of particles FIGURE 12 Heating a reactant increases the kinetic
I /| with energy, E > E, at T energy of particles.
P
£ Study tip
When drawing
reaction curves on a
Maxwell-Boltzmann
FIGURE 13 The Maxwell- d'StE'buht_'Or?i
Boltzmann distribution demonstrates ¢ atanhigher
. . temperature, the
A Energy, E the energy of particles in a system. peak of the curve
0 E, T is a lower temperature than 7. is shifted right and

Several key pieces of information can be gained from this distribution.

e The peak of the distribution represents the average kinetic energy; the further this peak is
to the right, the higher the average temperature of the system.

e The areas under both curves must be equal as they represent the same reaction, with an
identical number of particles, but at different temperatures.

the curve is lower
and broader

e atalower
temperature, the
peak of the curve is
shifted left and the
curve is higher and
narrower.
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Study tip

An increase in
temperature will
increase the frequency
of collisions with
energy greater than or
equal to the activation
energy (E 2 E). This will
increase the proportion
of successful collisions
and the rate of
reaction.

...............

m 5.1 Worked
example

Find me in
your obook pro

’-___‘

£
VA 5.1 Worked
@ example
¢ Video
‘ demonstration

£
(=R 5.1 Challenge
Find me in "

‘ your obook pro

Study tip

You will lose marks

in your exam if you

do not mention both
the frequency of
collisions and number
or proportion of
successful collisions.

Study tip

Remember that
concentration, surface
area and pressure deal
with frequency and
number. Temperature
deals with frequency,
number and
proportion.

e At higher temperatures, the peak of the curve shifts to the right; the curve is both flatter
and broader than the lower-temperature curve.

e Atlower temperatures, the peak of the curve shifts to the left; the curve is both higher and
narrower than the higher-temperature curve.

e At higher temperatures, there is a higher proportion of particles with higher kinetic
energy. Therefore, there are more particles with energy greater than the activation energy
(E>E).

In Figure 13, the distribution clearly demonstrates that at the higher temperature (7)),
there are more particles with energy greater than the activation energy (E > E,). This results

in more successful collisions and a faster reaction.

_
5.1 REAL-WORLD CHEMISTRY

The problem with dust - the sugar refinery explosion

At 7 pm on 7 February 2008, an explosion rang out across the town of Port Wentworth,
Georgia, USA. The blast originated in the centre of the Georgia Sugar Refinery,
located on the banks of the Savannah River. The refinery, built in 1916, was old. Its
construction features were outdated, and many staff members said the machinery was
antiquated, some of it being close to 30 years old.

The explosion took place in the centre of the refinery where the sugar was stored
before being bagged and packaged.

Refined sugar is sucrose, a disaccharide, which consists of one glucose monomer
and one fructose monomer. When bonded together, the disaccharide has the molecular
formula C,,H O, . Sucrose undergoes combustion according to the chemical equation:

C,H,0,,(s) +120,(g) —» 12CO(g) + 11H,0(g) AH = —5645k]mol !

Sugar is naturally highly combustible; however, as a fine dust powder, it can also
spontaneously combust. The storage of the sugar led to a build-up of sugar dust within
the air. The building was equipped with ventilation fans that extracted dust particles
from the air, but these were found to contain enough dust to cause further explosions.
The ignition source was probably static electricity or a spark, but spontaneous
combustion was not ruled out.

The fire took seven days to extinguish because of the age of the building and the
quantity of sugar that continued to act as a fuel source. The task of putting out the
fire was made worse because the sugar that did not combust melted at temperatures
above 186°C.

The explosion killed 14 people and severely injured 36.

Apply your understanding

1 With reference to the frequency and proportion of successful collisions, explain how
powdered sugar can explode, whereas sugar cubes are relatively safe.

2 Using your knowledge of the rate of reaction, explain the recommendations you
would make for future plants in terms of the storage of sugar. Hint: Consider the
reactants in your answer.

3 Discuss the safety precautions the refinery should have taken to minimise the
impact of the dust.
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5.1 CHECK YOUR LEARNING ﬁ

Describe and explain ¢ Explain the meaning of the peak of

1 Describe the factors that determine whether a the three curves.

collision is successful or not. d Use these three curves to explain the effect of

2 Describe the factors that decrease the rate of a increasing temperature on the rate of reaction.

chemical reaction. 6 The following Maxwell-Boltzmann distribution

was developed for a reaction mixture labelled

3 Define the term activation energy and explain why
Sample 1. A second sample of the same reaction

it is an essential factor in the rate of a chemical
mixture in the same reaction vessel is labelled as

reaction.
Sample 2.

Apply, analyse and compare
4 Apply your knowledge of rates of reaction to the

following chemical reaction: 8

CaCl,(s) + 2H,0(l) - Ca(OH),(aq) + 2HCl(aq) : Sk

AH = negative %‘
Explain, with reference to the frequency and E Sample 2
proportion of successful collisions, the factors 5 R T 3
that could increase the rate of this chemical “ ¥ i )

reaction.
Kinetic energy, E

5 A chemist wants to optimise the rate of the
FIGURE 15 The Maxwell-Boltzmann energy distribution of
the same reaction mixture when a change has been made

chemical reaction below:
CO,(g) + NO,(g) » CO,(g) + NO(g)
a Explain, with reference to the frequency and
number of successful collisions, what three

Analyse the curves in Figure 15 and explain
what changes have been made to the reaction
between Sample 1 and Sample 2 to result in the
different Maxwell-Boltzmann curves. Explain
which has a faster rate of reaction.

factors can be investigated that increase the
rate of this reaction.

b The Maxwell-Boltzmann distribution of
particle energies at 30°C is shown below. Design and discuss

7 Iron rusts according to the following equation:

4Fe(s) + 30,(g) — 2Fe, 0, (s)
This equation occurs in the presence of water.

A car manufacturer has found that their car parts
are rusting before the painting and assembly
processes. Discuss the recommendations that

Number of particles

you would make to the manufacturer to slow the

E rusting process or avoid it entirely.

Kinetic energy, E 8 Sugar cubes were used many years ago as a
FIGURE 14 The Maxwell-Boltzmann energy sweetener for tea and coffee, but now granulated
distribution of the reaction between carbon monoxide sugar is more commonly used. Discuss why
and nitrogen dioxide this change was made —i.e. the benefits of using

Sketch this diagram into your exercise book granulated over cubed sugar.

and, on the same diagram, sketch the curve
that results when the temperature of the same
reaction is:

i increased ii decreased.
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catalyst

a substance that
lowers the activation
energy of areaction
and increases the
rate of reaction
without participating
in the chemical
reaction

homogeneous
catalyst

acatalyst thatisin
the same state as the
reactants

heterogeneous
catalyst

acatalyst thatisina
different state from
the reactants

Study tip

Homogenous and
homogeneous mean
the same thing, as
do heterogenous and
heterogeneous. The
terms that include an
e are more modern
versions, with the
same meaning.
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The role of catalysts

KEY IDEAS

In this topic, you will learn that:

+ there are two types of catalysts: homogeneous catalysts, which are in the same state as
reactants, and heterogeneous catalysts, which are in a different state from reactants

+ catalysts increase the rate of reactions by providing an alternative reaction pathway with
reduced activation energy.

Catalysts are substances that speed up the rate of a chemical reaction without participating in
the reaction. They do this by providing an alternative reaction pathway that requires a lower
activation energy. Catalysts are essential in the human body, medicine, pharmaceuticals, the
chemical industry and many other science-related fields.

There are two types of catalysts.

e Homogeneous catalysts are in the same state as the reactants. For example, in the
dissociation of aqueous hydrogen peroxide (H,0,(aq)), an aqueous potassium iodide
catalyst is used.

 Heterogeneous catalysts are in a different state from the reactants. For example, in the
reaction between hydrogen and nitrogen, a solid iron catalyst is used.

How catalysts work

Catalysts affect the rate of reactions by providing an alternative reaction pathway with
reduced activation energy. Although the mechanism of how catalysts lower activation energy
is not thoroughly understood, scientists know that catalysts have high surface energy. When
reactants strike the surface of the catalyst, they bond to it. The formation of these bonds
weakens or breaks the bonds contained within the reactants. The atoms can then rearrange
on the catalyst’s surface to form products (Figure 1).

@ Carbonatom @ Oxygen atom

e
°® ®o

Qéqggnotc}toeo
oS Moo
\ /
oM ooo™oo
0O00000000

FIGURE 1 The action of a catalyst in lowering the energy required for a reaction to occur

CO and O, molecules bind to the surface of
the catalyst.

O, molecules split into two O atoms.
O atoms move across the surface of the catalyst.

Oxygen reacts with CO and forms carbon
dioxide (CO,). CO, only forms weak bonds
with the catalyst, and is released.

The catalyst is available again for more reactions.
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5.2 What happens to the rate of reaction
PRACTICAL: when you manipulate different variables?

SIMULATION Go to your Student obook pro.

The effect of a catalyst on the Maxwell-Boltzmann
distribution

The catalysed reaction can be represented on a Maxwell-Boltzmann distribution as a line,
similar to the one that represents activation energy. Because a catalyst lowers the activation
energy of a system, the number of particles with energy greater than the activation energy
(E > E ) increases (Figure 2).

i Number of particles with
@
2 .- energy > Fa(catalyscd)
S B
£ 5
s g
[ . .
g .9 Number of particles with

g=]
b g energy > E, a(uncatalysed)
"é Z
58 ) )
Z ; Particles with low energy

cannot react
Ea(catalysed) a(uncatalvsed)

Kinetic energy, E

FIGURE 2 The Maxwell-Boltzmann distribution demonstrates how activation energy (E,) is lowered with a catalyst.

The effect of a catalyst on an energy diagram

The way a catalyst lowers the £ of a reaction can also be represented on an energy profile
diagram. In Figure 3, the catalysed chemical pathway is represented as a broken line below
the uncatalysed chemical pathway. The activation energy of the catalysed pathway (E) is
lower than E , but the enthalpy of the reaction (AH) never changes.

Uncatalysed reaction

Catalysed reaction

Energy

Catalysed and uncatalysed Catalysed and uncatalysed
exothermic reaction endothermic reaction

FIGURE 3 Energy profile diagrams of exothermic and endothermic reactions, demonstrating the regular
reaction pathway and the catalysed reaction pathway with lowered activation energy. £, = activation energy of the
uncatalysed reaction; E = activation energy of the catalysed reaction.

c
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Study tip

Adding a catalyst

will not increase

the frequency of
collisions. It causes

a greater proportion
of particles to have
E>E,resultingina
greater proportion of
successful collisions.

successful collisions.

The effect of a catalyst on the frequency and proportion
of successful collisions

Catalysts do not increase the kinetic energy of the reactants, nor do they push particles

closer together so that they collide more often. For this reason, catalysts do not increase the
frequency of the collisions within a reaction. Instead, catalysts lower the activation energy,
resulting in a greater proportion of particles within the reaction that have energy greater than
or equal to the activation energy. Therefore, the use of a catalyst increases the proportion of

Analysing and evaluating an experiment
using a catalyst
Key science skill: Analyse and evaluate data
and investigation methods
In an experiment to determine the effect of an
increase in concentration on the rate of reaction, a
student investigated the rate of decomposition of
hydrogen peroxide into water and oxygen gas using
a potassium iodide catalyst.
H,0,(aq) - H,O() + O,(g) AH=-191.2k]mol™
The student used 50.00 mL of room
temperature (18°C) 1M, 2M and 3M of H,O,(aq)
and measured the mass of the gas lost every 10
seconds by placing the reaction on a balance. Each

Comparing the states of catalysts

concentration was repeated three times and the
results were found to vary significantly between
repeats.

Practise your skills

1 Identify the independent and dependent
variables.

2 List as many controlled variables as possible
given the information above.

3 If the reaction is exothermic, explain whether
the controlled variables can be kept constant.

4 Comment on the precision, reliability and
validity of the experiment.
Need help analysing and evaluating

investigation methods? See Topic 1.8 (page 24).

An aqueous chemical reaction was conducted using either a homogeneous or a heterogeneous catalyst.

1 Identify the states of the homogeneous and heterogeneous catalysts in this reaction.

2 Identify which one resulted in a faster rate of reaction and explain your reasoning.

3 Explain your reasoning for your answer to Question 2.

Table 1 summarises the factors that affect the frequency, number and proportion of

succcessful collisions.

TABLE 1 How the factors affect collisions

Affects...

Factor Frequency of Number of successful Proportion of
collisions collisions successful collisions
v v

Concentration

Surface area v
Pressure v
Temperature v

Catalyst
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5.2 CHECK YOUR LEARNING

Describe and explain

1 Explain the effect a catalyst has on the rate of a a Write a balanced chemical equation for each
chemical reaction. chemical reaction.

2 Explain the difference between a homogeneous b Identify the catalyst involved in each chemical
and a heterogeneous catalyst. reaction.

¢ Comment on the environmental impact of
each reaction.

7 Fe(NO,),(aq) and MnO,(s) have been proposed
as alternative catalysts to KI in the dissociation
of peroxide. 20.00mL of 35%(v/v) H,O,(aq),
which has a density of 1.45gmI"!, was used in
the reaction.

2H,0,(aq) = 2H,0() + O,(g)

FIGURE 4 Different solid catalysts

3 Describe the effect that a catalyst has on the
activation energy and enthalpy of the reaction.

Apply, analyse and compare

4 Draw a labelled Maxwell-Boltzmann diagram
representing particles in a reaction at 30°C and

60°C. Draw and label the activation energy and

.. FIGURE 5 Aqueous Fe(NO.,), is a potential catalyst.
the catalyst’s activation energy. 3

a Explain which catalyst you would predict to
cause a faster rate of reaction.

b Identify the variables that must be controlled
in the reaction.

5 'The dissociation of hydrogen peroxide (H,0,),
using a potassium iodide catalyst, is an
exothermic process that forms water and oxygen
gas. H,O, contains 498k]mol™ of energy and
the enthalpy of the reaction is 196 kJmol. The
activation energy is approximately 75 k] mol-,

¢ Explain what should be done to increase the
validity of the experiment.

which is reduced by 26 k] mol™' when the d Explain how the precision of the data can be
catalyst is added. Draw a fully labelled energy increased.

profile diagram of the dissociation of H,O,. e Calculate the theoretical mass loss of oxygen
Demonstrate both the catalysed and uncatalysed in the experiment.

pathways. f Construct a graph of the mass of oxygen

. . enerated over time.
Design and discuss &

. . g 'To the graph from part f, add a second trend
6 Investigate the production of ethanol by the

fermentation of sugar and the reaction of water
with ethene.

line to represent the catalysed reaction.
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Review

Chapter summary

o
L
[
o
<
L
&)

» Collision theory states that reactants must collide in the correct orientation and with sufficient energy to
result in a successful chemical reaction.

* To increase the rate of reaction, the activation energy (minimum energy required for a chemical reaction
to occur) must be decreased or the number of collisions resulting in a successful collision must be
increased.

* An increase in either concentration, pressure (and therefore decrease in volume) or surface area will
result in an increase in the frequency of collisions and the number of successful collisions.

*  The Maxwell-Boltzmann distribution is used to represent the kinetic energy of all particles in a
reaction, with the peak of the curve being the average kinetic energy and temperature. The presence of
the E_ line indicates the number of particles in a reaction that have greater energy than the activation
energy and will therefore successfully react.

* An increase in temperature will increase the frequency of collisions, and number and proportion of
successful collisions.

e Catalysts provide an alternative pathway, which requires less activation energy, resulting in an increased
rate of chemical reaction. Catalysts can be represented on the Maxwell-Boltzmann distribution as well
as on an energy profile diagram.

» Catalysts do not increase the frequency of collisions, but they do increase the number and proportion of
successful collisions.

Key formulas

Concentration n=cxV

Chapter checklist

Use the success criteria in the below to rate how well you understand each concept as ‘Confidently’, ‘Mostly’ or
‘Not really’. If you’re not feeling confident about any of these skills or ideas, use the revision links to revisit them.

explain the concept of collision theory Go back to Topic 5.1

* describe how temperature, surface area, pressure and .
. . Go back to Topic 5.1
concentration can affect the rate of reaction

* describe how a catalyst increases the rate of reaction .
y Go back to Topic 5.2

+ distinguish between catalysed and uncatalysed reaction

L1 O O
L1 O O
L1 O O

pathways on Maxwell-Boltzmann distributions and energy Go back to Topic 5.2

profile diagrams
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Revision questions

Multiple choice

1 Consider the following chemical reaction:
2Mg(s) + O, (g) — 2MgO(s)
Which of the following will not increase the
rate of reaction?
A Crushing the magnesium into a powder
B Increasing the concentration of oxygen

C Adding water to make the reactants
aqueous

D Increasing the temperature by burning
the magnesium

2  Which of the following will not increase the
rate of the following chemical reaction?
NaCl(aq) +AgNO, (aq) — AgCl(s) + NaNO, (aq)
A Increasing the volume of the container
B Increasing the concentration of NaCl
C Increasing the temperature
D Increasing the concentration of AgNO,
3 Which of the following conclusions about the
following diagram is correct?

Temperature 1 (7)
Temperature 2 (7,)
E, Activation energy

Number of
particles
3] I v

a

Kinetic energy

A At T,, fewer particles have greater energy
than E, so the rate of reaction will be
slower.

B At T, fewer particles have greater energy
than E, so the rate of reaction will be
faster.

C At T}, more particles have greater energy
than E, so the rate of reaction will be
slower.

D At T, more particles have greater energy
than E , so the rate of reaction will be

4 1In a catalysed chemical reaction:

A the difference in enthalpy between
products and reactants (AH) changes.

B an alternative reaction pathway with
lower activation energy is provided.

C the kinetic energy of particles and
therefore temperature increases.

D an alternative reaction pathway with
higher activation energy is provided.

A catalyst increases the rate of a chemical

reaction by:

A increasing the frequency of collisions.

B decreasing the frequency of collisions.

C lowering activation energy.

D increasing activation energy.

An increase in the concentration will:

A increase the frequency of collisions
and increase the number of successful
collisions.

B increase the frequency of collisions
and decrease the number of successful
collisions.

C decrease the frequency of collisions
and increase the number of successful
collisions.

D decrease the frequency of collisions
and decrease the number of successful
collisions.

If pressure is doubled in a closed system:

A volume is halved, causing the
concentration to double and the
frequency of collisions to increase.

B volume is doubled, causing the

@

concentration to halve and the frequency

of collisions to decrease.

C volume is constant, but the concentration
increases, which increases the frequency

of collisions.

faster. D volume is constant, but the concentration
decreases, which decreases the frequency
of collisions.
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0

Which of the following conclusions about the
following diagram is correct?

2]

>

9 Sample 1
ds]

g

=)

P

5]
g Sample 2
g

=

4

Kinetic energy

A Sample 2 is at a higher temperature than
Sample 1 because there are fewer particles
that have the average kinetic energy.

B Sample 2 is at a lower concentration than
Sample 1 because it has fewer particles
but the same average kinetic energy.

C Sample 1 is at a higher temperature than
Sample 2 because there are more particles
that have the average kinetic energy.

D Sample 1 is at a lower concentration than
Sample 2 because it has a greater number
of particles but the same average kinetic
energy.

9 Which of the following would not increase
the rate of the following chemical reaction,
where 50.00mL of 0.50 M HCl is reacted
with a 2.0 g piece of Mg metal ribbon
at 18°C?»

Mg(s) + 2HCl(aq) - MgCl,(aq) + H,(g)

A Use a 25°C solution of HCI

B Use 2.0M HCI

C Use 100.00mL of 0.50 M HCI

D Use 2.0g of powdered Mg ribbon

10 Iron reacts with oxygen in the air to form
iron oxide, commonly known as rust. Cars
are painted to avoid rusting, because paint
protects the iron from being exposed to
water and oxygen in the atmosphere. The
rusting process is summarised as:
4Fe(s) +30,(g) + 6H,0() — 4Fe(OH),(aq)

Iron(I1I) hydroxide will then dehydrate to
form solid rust with the formula Fe,O,.

The process of rusting is accelerated in:
A winter environments with heavy snowfall.
B equatorial environments with higher
temperatures and increased humidity.
C hot and dry desert environments.
D dry, warm bushland.

Short answer
Describe and explain

11 Define the rate of a chemical reaction. In your
definition, explain how it can be measured.

12 Describe what should be on the y-axis and
x-axis of a graph that represents the rate of a
chemical reaction.

13 Explain the difference between the activation
energy of a catalysed and an uncatalysed
reaction pathway.

14 Explain the effect of increasing the
temperature in an exothermic system on the
rate of a chemical reaction.

15 Explain the effect of decreasing the surface
area of a reactant on the rate of a chemical
reaction.

16 Explain the effect of increasing the
concentration of a reactant on the rate of a
chemical reaction.

17 Explain how adding a catalyst affects the rate
of a chemical reaction.

18 Draw an energy profile diagram for an
exothermic reaction. On the diagram, label
the enthalpy, the activation energy of an
uncatalysed pathway, and the activation
energy of a catalysed pathway.

19 Draw an energy profile diagram for an
endothermic reaction. On the diagram,
label the enthalpy, the activation energy of
an uncatalysed pathway, and the activation
energy of a catalysed pathway.

Apply, analyse and compare

20 A chemistry student made the claim: ‘All
collisions result in a chemical reaction.
When the number of collisions is increased,
the rate of reaction increases.” Explain why
this student is wrong.
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21 A chemical reaction between 20mL of
1 M sodium carbonate and 5mL of 2M
hydrochloric acid produced the following
rate—time graph.

Volume of carbon
dioxide gas (L)

Time
Na,CO,(aq) + 2HCl(aq) —
2NaCl(aq) + CO_(g) + H,O()

a The temperature of the reaction is
increased and the reaction is repeated.
Draw the resulting line on the graph.

b The volume of sodium carbonate was
increased by 10mL in the third repeat.
Draw the resulting line on the graph.

¢ The temperature of the reaction flask is
decreased. Draw the resulting line on the
graph.

22 Explain how you would measure the rate of
reaction for a combustion reaction. Draw
a graph of the trend you would expect to
observe. Identify whether this is qualitative
or quantitative data.

23 Explain how you would measure the rate of
reaction for a precipitation reaction. Draw
a graph of the trend you would expect to
observe. Identify whether this is qualitative
or quantitative data.

24 Sodium sulfide is reacted with hydrochloric
acid to produce sodium chloride and
hydrogen sulfide gas. The gas produced
smells like rotten eggs, so it is essential that
it is captured rather than released into the
laboratory.

Na,S(s) + 2HCI(aq) — 2NaCl(aq) + H,S(g)

a Explain how the gas produced by the
reaction could be measured without being
released into the laboratory.

b Explain what you would need to use to
ensure that you are measuring the rate of
the gas produced.

25

26

27

28

Draw a Maxwell-Boltzmann diagram

representing the same reaction taking place

at 80°C and at 120°C.

1.5 g of zinc pieces is reacted with 20.0mL

of 1.0 M hydrochloric acid to form zinc(II)

chloride and hydrogen gas at SLLC.

a Write a balanced chemical equation for
this reaction.

b Calculate the mass of hydrogen gas that is
generated in the reaction.

¢ Calculate the volume of the gas produced.
Plot a general graph that represents the
volume of gas generated over time.

e On the same graph, plot the effect of
using powdered zinc in the same reaction.

0.55 g of calcium carbonate is reacted with

50.0mL of 2.0 M HCI to form calcium

chloride, carbon dioxide and water.

a Write a balanced chemical equation for
this reaction.

b Calculate the mass of carbon dioxide gas
that is generated in the reaction.

¢ Calculate the volume of the gas produced.
Plot a general graph that represents the
volume of gas generated over time.

e On the same graph, plot the effect of
an increase in HCI concentration in the
same reaction.

Excess cadmium is reacted with 2.62 g of

sulfur and 100 mL of 1.5 M hydrochloric acid

according to the following equation:

Cd(s) +S(s) + 2HCl(aq) —»

CdCl,(aq) + H,S(g)

a Calculate the mass of hydrogen sulfide
gas that is generated in the reaction.

b Calculate the volume of the gas produced.

c Plot a general graph that represents the
volume of gas generated over time.

d On the same graph, plot the effect of an
increase in the temperature of the acid in
the same reaction.

OXFORD UNIVERSITY PRESS
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29 Consider the following reaction on a ¢ Describe the major flaw associated with
Maxwell-Boltzmann distribution. this experiment.

d Explain whether it is possible to determine
which reaction will occur faster.

e When both reactions had finished,
and no more bubbles were generated,
more magnesium was added to each
flask to make the reactions start again.
Predict the effect of adding this extra
magnesium.

Number of particles

Kinetic energy

a Identify what the peak of the curve
represents.

b Explain why the green curve is broader
and lower than the purple curve.

¢ Identify the curve that represents a lower
temperature system.

d Copy the curve and draw a line
representing the activation energy.

e Draw a second line representing the
activation energy of a catalyst.

f Use the curve to explain the effect of
increasing temperature on the rate of
reaction.

g Use the curve to explain the effect of
adding a catalyst on the rate of reaction.

31 Consider the following diagram.

Design and discuss

30 Two experiments were conducted to
investigate the factors affecting the rate of a
chemical reaction between magnesium metal
and hydrochloric acid.

Mg(s) + 2HCl(aq) — MgCl,(aq) + H,(g)
In the first experiment, a 2cm strip of
magnesium ribbon, with a mass of 0.9 g, was
reacted with 3mL of 1 M HCI. In the second

experiment, a cubic piece of magnesium,

Energy

Reactants Products

a Explain whether the reaction is

measuring 0.5cm x 0.5cm x 0.5cm, with a endothermic or exothermic.
mass of 0.9g, was placed in 3mL of 2M HCL b Identify which of the three quantities
a Explain how the rate of reaction could be (I, IT or III) is affected by the addition of

measured in these experiments. a catalyst.

Identify which of the three quantities is
affected when the reaction is switched

b Identify the factors being investigated in c

this reaction.
between endothermic/exothermic and

endothermic/exothermic.
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d Explain what would happen if the
reaction was reversed. Draw an energy
profile diagram to demonstrate the effect

32 A student designs an experiment to
determine the effect of temperature on

the rate of reaction where a magnesium

ribbon is reacted with 50mL of 2.0 M HCI.

During the experiment, the student could

not find the magnesium ribbon reel and had

to use scrap pieces that were unused from
other experiments. The following reaction
conditions were used:

Mg(s) + 2HCl(aq) — MgCl,(aq) + H, (g)

Temperature (°C) 18
Mass of Mg (g) 1.30 1.15 1.05
Pieces of Mg ribbon 3 2 1

Mass of H, lost (g) 0.106 0.094 0.086

T a1 | stz | T |
25 30

Critically review the student’s experimental
design.

a

b

)

Identify the independent and dependent
variables.

State the hypothesis of the experiment.
Identify the variables that must be
controlled to effectively test the
independent and dependent variables.

Explain three improvements that must
be made to the experimental design to
effectively test the hypothesis.

Discuss the accuracy of the data.
Comment on the precision of the data.

Discuss the validity of the experiment
based on the data obtained.

You can find the following resources for this section in your obook pro:

Quizlet
Compete in teams or against yourself to test your knowledge.

OXFORD UNIVERSITY PRESS
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Test your understanding of Key Knowledge in this chapter.
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Extent of chemical
reactions

CHAPTER

\ , .
KEY KNOWLEDGE | '/

— the distinction between reversible and irreversible reactions, and between rate and
D extent of a reaction

the dynamic nature of homogeneous equilibria involving aqueous solutions or
gases and their representation by balanced chemical or thermochemical equations
(including states) and by concentration—time graphs

the change in position of equilibrium that can occur when changes in temperature or
species or volume (concentration or pressure) are applied to a system at equilibrium,
and the representation of these changes using concentration—time graphs

the application of LLe Chatelier’s principle to identify factors that favour the yield of
a chemical reaction

)\ calculations involving equilibrium expressions (including units) for a closed
l homogeneous equilibrium system and the dependence of the equilibrium constant

(K) value on the system temperature and the equation used to represent
the reaction

the reaction quotient (Q) as a quantitative measure of the extent of a chemical
| ‘ reaction: the relative amounts of products and reactants present during a reaction at
""\\\ a given point in time
. '\\ N\ responses to the conflict between optimal rate and temperature considerations in
: producing equilibrium reaction products with reference to the green chemistry

‘ : principles of catalysis and designing for energy efficiency ‘
" ‘ LF Source: VCE Chemistry Study Design (2023—2027) reproduced by permission © VCAA ‘.
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=
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FIGiJRE 1 Undesgstanding th\}tem of chemical reactions helps us o?“ti
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GROUNDWORK

In Chapter 6, you will learn about reaction equilibria, the factors that influence
the equilibrium, and how the equilibrium affects the extent of reactions.

This chapter will build on concepts you have already learnt in Chapter 5. So,
before you begin the chapter, test yourself on the following questions to make
sure you remember the basics.

6A Describe two factors that 6C Draw an energy profile diagram
influence the rate of a reaction. for an exothermic reaction

and label the energy of the

reactants and products,

activation energy and enthalpy.

B 6A Groundwork resource
Reaction rates

Explain what happens to the
. )\ 6C Groundwork resource
concentration of reactants and &R o
. . Energy profile diagrams
products in a reaction.

™ 6B Groundwork resource
Concentrations in a reaction

PRACTICALS

> 4 6.3A What is the effect of temperature on k
S Page 508
PRACTICAL: equilibrium?
CONTROLLED EXPERIMENT
6.3B What is the effect of volume, pressure @
- PRACTICAL: and concentration on equilibrium?
3 CONTROLLED EXPERIMENT LN
< L d 6°3C How can we stop ocean acidification? Page 510
-~ n PRACTICAL:
- CASE STUDY
®
¥ b
. 6°7A What factors affect the Haber process? @ ¢

PRACTICAL:
SIMULATION

i‘ 1 P
T 607B How can the formation of sulfuric acid be @
PRACTICAL: optimised?
& PRODUCT, PROCESS OR P ' €
& SYSTEM DEVELOPMENT >
L »
5, ¢

'. ¢.'. | ¢ . .
- 8 ; .

OVATION HELP TO OPTIMISE CHEMICALRROCESSES? }8 .

),

-
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open system
areaction vessel that
has no lid, meaning
that reactants or
products can be lost
to the atmosphere

forward reaction
the reaction between
reactants to form
products

irreversible
reaction
areaction that can
only proceed in the
forward direction

reversible
reaction
areaction that can
proceed in both
forward and reverse
directions

reverse reaction
the backward
reaction where the
products react to
re-form the reactants

closed system
areaction vessel that
is closed off, or has

a lid, meaning that no
reactant or product
particles can escape
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The rate and extent of reactions

KEY IDEAS
In this topic, you will learn that:

+ irreversible reactions only proceed in the forward direction (reactant — product), whereas
reversible reactions can proceed in both forward and reverse directions (reactant = product)

+ the rate of reaction is how quickly the forward reaction occurs, whereas the extent of a
reaction is the degree to which the forward reaction proceeds.

Before a chemical reaction occurs, there are only reactants. As the reaction occurs, the
amount of reactant decreases and the amount of product increases.

In Chapter 5, you learnt about the rate of reactions and the factors that influence the reaction
rate. Now, you will explore the reversibility of chemical reactions (the ability for products to be
converted back into reactants) and reaction extent (the degree to which a reaction proceeds).

Irreversible and reversible reactions

The products of some chemical reactions escape into the atmosphere. For example, a
combustion reaction in an open system (where matter can be lost to the atmosphere)
produces gaseous products. When ethanol reacts with oxygen, it combusts in a highly
exothermic reaction to produce carbon dioxide and water vapour according to the following
balanced forward reaction:

CH,CH,0H(l) + 30,(g) - 2CO,(g) + 3H,0(g)

The ethanol and oxygen are consumed in the reaction, and the gases that form are lost
to the atmosphere. This reaction will continue in the forward direction to produce more
products until there are no more reactants. Since
the products cannot be turned back into their
starting reactants, this is called an irreversible
reaction. Irreversible reactions are represented
using unidirectional arrows (—).

Some reactions can proceed both forwards and
backwards. At any one time, there is a mixture
of reactants and products in the system. This
means that it is a reversible reaction. Reversible
reactions are represented using bidirectional arrows
(=) to show the forward and reverse reactions
(Figure 2). You may recognise these from the
electrochemical series in Chapter 4.

A significant number of reactions involve
keeping reactants and products contained in the
same reaction vessel. These are called closed
systems. They prevent products from escaping
once they are formed, since matter is contained
within the system. Reversible reactions can occur
in both open and closed systems.

FIGURE 1 Ethanol reacts with oxygen in an
irreversible combustion reaction.
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A great way to grasp the concept of reversible reactions is by looking at thermochemical Forward
reactions. Figure 3a shows the energy profile for an exothermic reaction. The activation reaction
energy for the reaction is 40Kk]J. The change in enthalpy is the difference between the chemical
energy of the products (20k]) and the chemical energy of the reactants (40Kk]J): —20K]. —\

If this reaction is reversed, the products of the forward reaction would now be the .
reactants of the reverse reaction. Therefore, the energy profile will be reversed (Figure 3b). ‘
The reverse reaction has an activation energy of 60k]J and a change in enthalpy of 20k]. ii‘c’ff;z

If the chemical species in the system can collide with enough energy to overcome the FIGURE 2 The

activation energy for both the forward and reverse reactions, the reaction can proceed

forwards and backwards.

reversible reaction
arrow

a b
80 80
60 Activation 60 - Study t|p
= energy (E) = Products )
< < (reactants of the The electrochemical
5 Reactants 5 ACthatl(Ogl) forward reaction) series shows
9 40 4 o 401 energy (E, .
{5 Change in [5 Change in reversible _redox
enthalpy enthalpy half—equatlpns.
(AH = —ve) Products (AH = +ve) The reduction
20 B T — half-reactions are
(products of the the forward reactions
forward reaction) and the oxidation
0 0

Reaction pathway

Reaction pathway

FIGURE 3 Energy profile diagrams for a an exothermic reaction and b the reverse endothermic reaction

Rate and extent of a reaction

half-reactions are the
reverse reactions.

In chemical industries, such as mining, the goal is to increase the amount of product (or yield) of
a reaction. This allows a chemist to obtain more of the useful product, which can be sold or used

to perform another reaction. Much of the innovation and design of new processes or optimisation
of existing ones is to try and get as much product as possible, as fast as possible.

As you learnt in Chapter 5, the speed at which a product is formed is called the rate of a
reaction. This is the change in the concentration of reactants or products per unit of time.
The amount of product formed in a specific amount of time can be increased by an increase
in concentration, surface area, pressure or temperature, a decrease in volume, and by the
addition of a catalyst. In closed systems containing reversible reactions, the rate of reaction
can also be increased; however, this will increase the rate of both forward and reverse
reactions.

extent of a
reaction
ameasure of the
magnitude to which a
reaction proceeds in
the forward direction

The extent of a reaction refers to the
magnitude of the reaction. The yield is a measure
of this extent. Specifically, it is the amount of
product that can be obtained from a reaction.

To increase the extent of the reaction means to
increase the yield of product that can be obtained
from it.

FIGURE 4 The extent of crystal formation is how
much has formed and the rate is how quickly it
has formed.
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6.1 SKILL DRILL

Analysing and evaluating the yield of an

acid-base reaction

Key science skill: Analyse and evaluate data
and investigation methods

The following reaction occurs in a beaker:

HCl(aq) +NaHCO,(aq) - NaCl(aq) + H,0() + CO (g)

In the experiment, 50mL of 0.33 M NaHCO, was
reacted with 100mL of 0.5 M HCl in a beaker. On

completion of the reaction, the system was found

to have lost a mass of 0.71 g. When the reaction was

repeated two more times, it lost masses of 0.70 g
and 0.72g.

6.1 CHECK YOUR LEARNING

Describe and explain

1 Explain what is required for a reverse reaction
to occur.

2 Describe the difference between rate and extent

of a reaction.

Apply, analyse and compare
3

terms of the amounts of reactants and products
in the reaction system.

4 Predict what will happen to the yield of product

if the rate of reaction is increased.

exothermic reaction.

60

IS
O
!

Energy (k])
S

15 A

Reaction pathway
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Compare reversible and irreversible reactions, in

An energy profile diagram is shown below for an

Practise your skills

1 Explain why the reaction lost mass.

2 Calculate the theoretical mass that can be lost
based on the quantities of the reactants.

3 Comment on the accuracy of the experimental
repeats — i.e., state which is more accurate. Use
the data to support your answer.

4 Comment on the precision, repeatability and
reproducibility of the data.

Need help analysing and evaluating data? See

Topic 1.8 (page 24).

a Calculate the change in enthalpy of
the reaction.

b Calculate the activation energy of
the reaction.

¢ Draw an energy profile diagram for the
reverse reaction.

d Calculate the activation energy of the
reverse reaction.

e The products formed from the forward
reaction have 40Kk] of energy. Determine
whether this reaction is reversible and justify
your response.
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The nature of homogeneous

equilibria
KEY IDEAS
In this topic, you will learn that:

+ chemical reactions that can proceed both in both forward and reverse direction are called
equilibrium reactions

+ dynamic equilibrium occurs when the rate of the forward and backwards reactions are equal

+ homogeneous equilibrium systems occur when all reactants and products are the same state

+ equilibrium systems can be represented by concentration-time graphs.

In the last topic, you learned that reversible reactions are represented using bidirectional

equilibrium arrows (=). These are also called equilibrium arrows. Reversible reactions are therefore
arrows

bidirectional arrows also called equilibrium reactions.

that show that a In equilibrium reactions, both forward and reverse reactions occur simultaneously within

tionii ibl . . .
reactionts reversibie a closed system. This means that, at any time, both reactants and products are present in the
equilibrium system. The reaction does not go to completion (where only products exist).
reaction
areaction thatis
reversible; reactants
and products are both N _ +
present in the system CH,COOH(aq) + H,0() = CH,COO (aq) + H,O" (aq)
at any one time

One example of an equilibrium reaction is the partial dissociation of weak acids, such as
acetic (ethanoic) acid, in water:

Dynamic equilibrium

dynamic The reaction reaches a state of dynamic equilibrium when there is a perfect balance

equilibrium between forward and reverse reactions. In other words:

the state areaction L ) )

reaches when the » the reaction is incomplete — it does not consist of only products

tz;\gta_;izr;?ereverse + bonds are being broken and re-formed constantly; particles are constantly changing
i .

occurring at the between reactant and product — ‘dynamic’

same rate * the rates of the forward and reverse reactions are equal — ‘equilibrium’.

StUdy tlp Reactants — Products

Remember that for

equilibrium reactions
to occur, reactants
must be able to

form products, and
products must be able
to be converted back
into reactants. This
canonly occurina
closed system where Products — Reactants
matter is not lost to
the environment.

Rate of reaction

Time

Time at which dynamic
equilibrium is established

FIGURE 1 Dynamic equilibrium is reached when the rates of the forward and reverse reactions are equal.
Consider the synthesis reaction between nitrogen and hydrogen to form ammonia:
— — -1
N,(g) + 3H,(g) = 2NH, (g) AH =-92.3kJmol
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______________

=<l 6.2 Worked

example

Find me in your
obook pro

_______________

@ 6.2 Worked
example

NH,OH(aq) — NH,(g) + H,0(l)

in the liquid phase if they are located at the surface.

Video
demonstration

_______________

homogeneous
equilibrium
an equilibrium
reaction where
the states of all
reactants and
products are
the same

heterogeneous
equilibrium

an equilibrium
reaction where the
states of reactants
and products are not
the same

At dynamic equilibrium, nitrogen, hydrogen and ammonia are present in the reaction vessel,
although not necessarily in equal amounts or concentrations. As the bonds in the nitrogen and
hydrogen molecules are breaking, they are re-forming as ammonia. At the same, as ammonia
is forming, its bonds are also breaking to re-form the nitrogen and hydrogen molecules. The
rate of formation of ammonia at equilibrium is equal to the rate of formation of nitrogen and
hydrogen. See how to write a balanced equilibrium reaction equation in Worked example 6.2.

Homogeneous equilibria
A homogeneous equilibrium system, Zomo meaning ‘same’, is one in which all of the
reactants and products are present in the same state. A heterogeneous equilibrium system,
hetero meaning ‘different’, is one in which the reactants and products are in different states.
For example:
Homogeneous: N (g) + 3H,(g) = 2NH,(g) AH = —92.3k]mol™!
Heterogeneous: NH OH(aq) = NH,(g) + H,O1) AH = —14.8kJmol~!

In homogeneous equilibria, all reactants and products exist in either a gaseous, liquid or
aqueous state. This maximises the ability of particles to collide successfully, increasing not
only the rate but the extent and yield of the reaction.

Heterogeneous systems work very differently to homogeneous systems because of the
difference in states.

For example, NH,OH in the aqueous phase will dissociate into
liquid H,O and NH, gas (Figure 2). Once the NH, is formed, it

NH,OH (aq)

NH, ()

moves to the gas phase and can only react in the reverse reaction

if it is in contact with the water in the aqueous solution. At any

~—— Gaseous phase ) ) ] .
time, not all NH, molecules in the system will be available at
the surface of the water. Therefore, there is a limited number

~—— Surface of particles available to react in the forward or reverse reactions
Explore another example in Real-world chemistry 6.2.

H,00) . .
| Liquidaqueous Concentration-time graphs

phase The change in concentrations of reactants and products as a

reaction proceeds can be represented using concentration—time
graphs. These also allow you to see when dynamic equilibrium is

FIGURE 2 In a heterogeneous equilibrium system, established.
particles in the gas phase can only interact with particles

==l 6.2 Real-world

@ chemistry

Find me in your
obook pro

_______________

Because the rates of the forward and reverse reactions are
equal at dynamic equilibrium, the concentrations of the reactants
and products stabilise.

N,(g) + 3H,(g) _\‘ZNHS(g) AH = -92.3 k] mol!

a
2
=}
g ; H,(2)
g ; NH, (g)
o '

'

i N, (g

1

'

I Time

Time at which dynamic
equilibrium is established

FIGURE 3 Once equilibrium is reached, concentrations of reactants and products remain constant.
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6.2 CHECK YOUR LEARNING

Describe and explain

1

Describe what is required for a reaction to have
reached dynamic equilibrium.

Explain why a homogeneous equilibrium system
is favoured over a heterogeneous system.

Apply, analyse and compare

3

Determine whether each of the following
reactions are a homogeneous or heterogeneous
equilibrium reaction.

a 2HF(aq) = 2H*(aq) + 2F (aq)

b 2PbO(s) + O,(g) = 2PbO,(aq)

¢ CO,(g + H,0(0) = H,CO,(aq)

d CO,(g) + 3H,(g) = CH,OH(g) + H,0(g)
Nitrogen and hydrogen are placed in a sealed
glass jar. After 30 seconds, the jar is knocked to
the floor, smashing it. Determine what happens
to the concentration of the reactants and
products before and after the accident.

Look at the concentration—time graphs I-IV.
1

NO,(aq)
=}
.2
g
«
B
=}
(9]
Q
=}
5]
Q 0,@aq)
N,O,(aq)
Time
11
a HI(g)
£
®
8
a
()
9
g
5]
Q
H,(2), L(g)
Time
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11T
=}
2
® SO,(g)
B
=}
[}
S SO,(g)
1)
Q
0,(®
Time
v
NO(g)
=]
g
g
§ Cl(g)
=)
5]
©
NOCI(g)
Time

For each graph:

a Identify the reactants and products of the
forward reaction.

b Write a balanced equilibrium equation for the
reaction.

Design and discuss

6 A student in your class claims that Earth is an
open equilibrium system. Evaluate this claim
and communicate whether you believe it to be
correct. Justify your argument.
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the relative amounts
of reactants and
products in a reaction
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Le Chatelier’s
principle

if the position of
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effect of the change
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Changes in the position of

equilibrium

KEY IDEAS
In this topic, you will learn that:

+ the position of equilibrium is the relative amounts of reactants and products at
equilibrium

+ the position of equilibrium can be changed by adding or removing a species, changing
temperature, changing pressure or volume in gaseous systems, or diluting aqueous
solutions

+ Le Chatelier’s principle states that if the position of equilibrium in a system is subjected to
change, the system will shift to partially oppose the effect of the change.

Chemists must have a good understanding of the factors
affecting a chemical reaction and how these factors can be
manipulated to maximise the amount of desirable product
from a reaction. The aim is to maximise the yield of a
chemical reaction without losing or destroying any materials in
the process.

Before we look into methods to improve reaction yield, we
need to understand how these factors influence the behaviour
of chemicals in a reaction system. This topic focuses on the
work of French chemist and engineer Le Chatelier, who is best
known for his work on equilibrium.

FIGURE 1 French chemist Henry
Louis Le Chatelier (1850-1936)
developed LLe Chatelier’s
principle, which predicts the
effect of changes on a chemical
equilibrium.

Le Chatelier’s principle

In an equilibrium system, forward and reverse reactions occur
simultaneously. An equilibrium reaction can be manipulated
to be pushed forward, increasing the concentration of

the products in a system, or backward, increasing the
concentration of reactants.

The factors that can change the concentrations of reactants and products are:

e the addition or removal of a species (reactants or products)
e achange in temperature

e achange in pressure and volume in gaseous systems

e the dilution of aqueous solutions.

By manipulating these factors, we change the position of equilibrium, meaning we
change whether the forward or reverse reaction is favoured at equilibrium. Put simply, we can
change the relative amounts of reactants and products at equilibrium.

Le Chatelier developed a principle to predict the effect of these changes on a system at
equilibrium. Le Chatelier’s principle states that if the position of equilibrium in a system
is subjected to change, the system will shift to partially oppose the effect of the change and
re-establish equilibrium.
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6.3A

6.3B What is the effect of volume, pressure

PRACTICAL: Wha.t‘is.the effect of temperature on PRACTICAL: and concentration on equilibium?
(R GINRDE S ISl equilibrium? Go to page 508. (Lo R GINRD NS YIS Al Go to your Student obook pro.

The effect of adding or removing a species Study tip

You must use the
terms shift, partially
oppose and net
product is decreased, the system partially opposes the change by moving to increase its forward/reverse
reaction to earn full
marks in your exam.

When the concentration of a reactant or product is increased, the system partially opposes
this change by moving to decrease its concentration. If the concentration of a reactant or

concentration. This is summarised in Table 1.

TABLE 1 Effects of adding or removing species on the position of equilibrium

What has h a» How does the system partially What is the effect on the
at has happened:
a= oppose the change? position of equilibrium?

Reactant is added. It shifts to decrease the amount of reactant. | Net forward reaction —
Product is added. It shifts to decrease the amount of product. | Net reverse reaction <
Reactant is removed. It shifts to increase the amount of reactant. | Net reverse reaction <
Product is removed. It shifts to increase the amount of product. Net forward reaction —

The effect of adding or removing reactants or products Reactant Equilibrium is

from a system at equilibrium can be shown using is added. re-established.

concentration—time graphs. You can see this in Figure 2, i i
which is an equilibrium system with the following equation: [

N,(g) + 3H,(g) = 2NH,(g) !

Each species begins at equilibrium (black horizontal lines).
When a species is added or removed, a vertical line is drawn.
In this case, H, is added. Because H, is a reactant, the system
partially opposes the change to decrease the amount of

reactant. This means that there is a net forward reaction.

|

The concentrations of reactants N2 and H2 decreases and the

Concentration (M)

concentration of the product NH, increases (green curves)
until equilibrium is re-established (blue horizontal lines). You NH,
can tell that there has been a partial change because the final
concentrations, after equilibrium is re-established, are not the
same as the initial equilibrium concentrations.

We look at the mole ratios from the balanced equation to - Time N

determine the relative amounts of change. N, changes by a Equilibrium Ti“j
cequiabrium

factor of 1, H, changes by a factor of 3 and NH, changes by a

factor of 2 (green arrows). FIGURE 2 The effect of adding a reactant to an equilibrium

system
The effect of changing the temperature net forward
T . fh Wh . h £ reaction
emperature is a measure of heat energy. en we increase the temperature of a system, a shift in the position
we also increase the energy of the species in the reaction. All reactions require energy to of equilibrium in
overcome their activation energy. However, the amount of energy depends on the size of the which more products

are being formed
compared to
reactants being
re-formed

activation energy and whether the reaction is exothermic or endothermic.
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net reverse
reaction

a shift in the position
of equilibrium in which
more reactants are
being re-formed
compared to products
being formed

6.3C

How can we stop ocean acidification?
Go to page 510.

PRACTICAL:
CASE STUDY

Endothermic reactions

In an endothermic reaction, energy must be absorbed from the environment for the reaction

to proceed (Figure 3).

To determine the effect of temperature on a reaction, let’s consider the energy to be a
reactant or product. In an endothermic reaction, energy can be considered as a reactant:

energy + reactants = products

When we have increased the temperature,
we can treat this as though we’ve added a
reactant: energy. This will favour the formation
of products. L.e Chatelier’s principle states that
the system will oppose the effect of this change,
so the reaction will shift to consume the extra
energy. This will favour the forward reaction
or cause a net forward reaction to re-establish
equilibrium.

What about if we cooled the system down?
We would be removing energy as a reactant. The
system would shift to produce more energy. This
will favour the reverse reaction or cause a net
reverse reaction to re-establish equilibrium.

Exothermic reactions

In an exothermic reaction, reactants have more
energy than products. This means that energy is
released into the environment and the change in
enthalpy is negative. In an exothermic reaction,
energy is a product:

reactants = products + energy

Think about how an increase or decrease in

temperature will affect the position of equilibrium in
an exothermic reaction. The effects are summarised

in Table 2, along with responses to temperature
change in endothermic reaction systems.

TABLE 2 Effects of temperature change on the position of equilibrium

The reaction How does the system partially | What is the effect on the
. What has happened? " o
system is... oppose the change? position of equilibrium?

Energy (K])

Activation Products
energy (£)
Change in
enthalpy
Reactants (AH = +ve)

Reaction pathway

FIGURE 3 An endothermic reaction energy profile

Energy (kJ)

Activation

energy (F)
Reactants
Change in
enthalpy
(AH = —ve) Products

Reaction pathway

FIGURE 4 An exothermic reaction energy profile

endothermic Temperature in an endothermic system It shifts to consume the extra Net forward reaction —
has increased (energy is added). energy.
Temperature in an endothermic system It shifts to produce more energy. Net reverse reaction «—
has decreased (energy is removed).

exothermic Temperature in an exothermic system has = It shifts to consume the extra Net reverse reaction <

increased (energy is added).

energy.

Temperature in an exothermic system has
decreased (energy is removed).
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It shifts to produce more energy.

Net forward reaction —

OXFORD UNIVERSITY PRESS



The effect of changes in temperature in an equilibrium system
on the concentration of the reactants and products can also be
shown using concentration—time graphs. For example, consider the
following reaction:

N,(g) + O,(g) = 2NO(g) AH = +180.5kJmol™!

As before, each species begins at equilibrium. But unlike
Figure 2, there is no vertical black line in the curve (Figure 5).
In fact, temperature is the only change where there is no initial
vertical change in the graph. To determine what happens to the
concentrations when the temperature is increased, we have to first
check whether the reaction is endothermic or exothermic. Since
the change in enthalpy is positive, this is an endothermic reaction.

When temperature is increased, energy is added to the system.
In an endothermic reaction, energy is a reactant. The system will
partially oppose this change by trying to reduce energy and there
will be a net forward reaction to help re-establish equilibrium.

This means that the concentration of NO will increase, while
the concentrations of N, and O, will decrease. LLook at the mole

Temperature Equilibrium is
is increased. re-established.
I |
I
I
NO |
—— |
I I
I I
I I
S I I
I I
\2‘; I I
I I
= N, | |
P f— |
s ]
s
+ |
=] I I
54 I I
& I I
=) | |
I I
© Oz | |
A |
]
I !
I I
I I
I I
I I
I I
I I

— Time —

Equilibrium New

equilibrium

FIGURE 5 The effect of increasing temperature of an

equilibrium system

ratios to determine the relative amounts of change. N, and O, both change by a factor of 1,

and NO changes by a factor of 2.

Worked example 6.3A shows you how to determine what happens to the position of

equilibrium in a thermochemical reaction.

6.3A WORKED EXAMPLE
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